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Observation of 3—6-Day Meridional Wind Oscillations over the Tropical Pacific,

1973-1992: Horizontal Structure and Propagation
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ABSTRACT

Twency years of rawinsonde data ( 1973—-1992) were examined in conjuncton with European Centre for
Medium-Range Weather Forecasts ( ECMWF) analyses and outgoing longwave radiauon (OLR) in [980- 1989
to determine the horizontal squcture, propagadon, and convective coupling of 3-6-day meridional wind oscil-
lations over the opical Pacific. Wave properties from ECMWF data, determined by lag correiation with respect
to cawinsonde or ECMWT principal components, were consistent with what could be determined from the sparse
rawinsonde network alone. Gridded analyses allowed a clearer distincton between equatonally rapped Rossby—
gravity waves (RGW) and off-equatorial ‘‘wropical-depression’’ (TD) disturbances, so that the contrasting prop-
erties of these waves, including their seasonal and interannual vanacon, could be studied in berter detail. Sig-
nificant correladons with OLR were found, increasing in magnitude from eastern to western Pacific.

The apparent group propagation of disturbances was equatorward in the western Pacific, eastward across
the cencral and eastern Pacific, and upward-downward out of the [50-300-mb layer. Vertical propagation
was evident primarily at higher frequencies. implying that only a fraction of the kinetic energy associated
with Rossby ~gravity waves in the upper troposphere was involved cither in convective coupling to the
lower roposphere or vertical momentum transport to the lower stratosphere. It is suggested that in addition

to convective and lateral forcings, Rossby—gravity waves are sometimes excited by energetic TD distur-

bances in the western Pacific.

1. Introduction

The wopical troposphere contains a complex assort-
ment of meteorological phenomena ranging in horizon-
tal scale from cumulomumbus clouds and mesoscale
convective systems, 10 intraseasonal oscillations and
planetary-scale circulations. Of the various phenom-
ena. synopdc-scale disturbances ( 1500-10 000 km) ar-
guably are the most important because they organize
tropical convection and precipitation at shorter scales
and comprise the inner scale of planetary circulatons.
Along the equator, superclusters lie within intrasea-
sonal oscillations (Nakazawa 1988; Mapes and Houze
1993). Tropical convergence zones are stormtracks
tracing the locus of deep convection within propagating
synoptic-scale waves (Hack et al. 1989; Hess et al.
1993).

Unal the early 1980s, knowledge of synoptic-scale
phenomena was based on meteorological observations
from isolated upper-air stations and a few intensive ob-
serving campaigns. Although the major disturbance
charactenistics were well described in certain regions
(Wallace 1971; Yanai 1975), a global perspective was
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impossible. Where available, statdon data were some-
times ambiguous and confusing.

Global analyses—based not only on rawinsonde ob-
servations but also satellite-derived temperatures and
cloud winds—now reveal the complexity of wopical
circulation in more detail. These data afford a bewter
description of horizontal structure and propagation than
possible with rawinsonde data alone (Zangvil and
Yanai 1980, 1981; Yanai and Lu 1983; Nica et al.
1985; Nirta and Takayabu 1985; Liebmann and Hen-
don 1990). In the central and western mopical Pacific,
where many of the early rawinsonde studies were con-
centrated, synoptic-scale waves in the lower wopo-
sphere evidently may be classified as ‘‘equatorial
waves’’ situated symmetrically or antisymmemically
about the equator (in accord with linear wave theory)
and off-equatorial ropical depression (TD) waves or
vortcal structures akin to the familiar ‘‘easterly
waves’” of early literature ( Takayabu and Niaa 1993).
Both disturbances regulate, and are in tum influenced
by, deep wopical convection at least part of the time.
In the cenwral Pacific, equatoriai Rossby —gravity waves
maximize in northern autumn ( Hendon and Liebmann
1991), while TD disturbances prevail farther west,
maximizing in northern summer ( Takayabu and Nitta
1993). The annual variations are consistent with
changes in underlying sea surface temperature (SST)
if the waves are coupled to convection and derive en-
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ergy trom latent heat reiease. The importance ot con-
vection s suggested by cross-spectrum analysis with
cloud observauons, analysis of the energy budget and
(for Rossby-gravity waves) by inserung a moist
equivalent depth in the RGW dispersion relation (Lau
and Lau 1990, 1992; Hendon and Liebmann 1991; Tak-
ayabu and Nita 1993). [nterannual vanations of wave
activity are likewdse consistent with SST vanations
where convectuve coupiing occurs.

In addition to convective Rossby - gravity waves and
TD dismrbances originating in the lower oposphere
are shear-modified Rossby-gravity waves artaining
largest amplitude in the upper roposphere over the
eastern equatorial Pacific (Randel 1992). These waves
are not significantly coupled to convection but appar-
ently depend on lateral excitation from baroclinic sys-
tems in the midlatitude Southern Hemisphere (see also
Zangvil and Yanai 1980, 1981; Magafia and Yanai
1994).

At present, several questions remain unanswered.
For example, 1) the relative importance of convective
and laterally forced waves in the troposphere and lower
stratosphere is unknown; 2) the relaton, if any, of up-
per wopospheric waves o the lower opical tropo-
sphere is unclear: 3) in the lower woposphere, it is
uncertain whether equatorial waves and TD distur-
bances are entirely distinct or evolve contnuously from
one type to the other as the background environment
changes (e.g., from centmral to western Pacific); 4) sea-
sonal and interannual variadons of SST alter the geo-
graphical distribution of wave activity, but these van-
ations have not been extensively studied. particularly
in data-sparse regions (e.g., eastern Pacific); and 3)
when using winds derived entirely from analyses. there
is naturally some concermn whether observed phenom-
ena are genuine or a model artifact. With the exception
of Randei (1992), none of the recent papers used ra-
winsonde data for validation.'

To address these questions, we are investigating
available rawinsonde data from the wopical tropo-
sphere and lower stratosphere beginning in 1973, to-
gether with gridded analyses beginning in 1980. Some
preliminary results from rawinsonde data were reported
in Dunkerton (1991) for the lower stratosphere
throughout the Tropics and in Dunkerton (1993, here-
after D93) for the troposphere and lower stratosphere
over the western, central. and southeastern equatorial
Pacific. Several results of D93 were consistent with
early rawinsonde studies ( Yanai and Maruyama 1966;
Yanai et al. 1968; Yanai and Hayashi 1969; Niwa 1970)
and more recent investigations with analysis data. Four
types of meridional wind oscillations were revealed: 1)

' Analyzed winds in the lower toposphers correlate well with
ctoud proxy dawa in regions of convective coupling (Hendon and
Liebmann 1991; Takayabu and Nima 1993).
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a modified Rossby - gravity wave maximizing in upper
troposphere (pertod 5-6 days. zonal wavenumber 4~
6). not significantly coupled to the lower troposphere
or lower stratosphere: 2) a convectuvely coupled
Rossby-gravity wave maximizing in the cenwal Pa-
cific, lower qoposphere (period 4-35 days), but with
radiating tail extending vertcally into the upper tro-
posphere and lower stratosphere: 3 ) waves of short zo-
nal scale in the lower woposphere west of the date line.
occupying a broad band of frequencies: and 4) strato-
spheric Rossby - gravity waves ( period 3-4 days, zonal
wavenumber 3-4). Dominant wave periods and zonal
wavelengths were inferred from cross-spectrum anal-
ysis of meridional wind. Wavelengths could be esu-
mated only at stauons west of the date line near the
same latiude (7°-10° N). Cross-equatorial symmetry
could be inferred only near the date line.

Seasonal and interannual vanadoas of wave activity
were also discussed by D93 and appear consistent with
other studies (e.g., Chang and Miller 1977; Yanai and
Lu 1983) concerning the effect of El Nifio/Southern
Oscillation (ENSO) on upper tropospheric waves and
with Maruyama (1991 ) on the role of the stratosphenc
quasi-biennial oscillation (QBO).

As a continuation of D93, we now discuss the hor-
izontal structure and propagation associated with 3-6-
day meridional wind oscillations using gridded analy-
ses in conjunction with rawinsonde data. Similar ver-
teal structures are obtained from both datasets, and
significant temporal correlations are found. validating
the features observed in gridded data. Secdon 2 dis-
cusses the data analysis and methods, section 3 iden-
tifies the dominant vertical and horizontal structures.
and section 4 discusses the horizontal wavelength.
phase propagation, and apparent group propagation of
the various disturbances throughout the Pacific sector.
Seasonal and interannual variations are discussed
briefly in section 5.

2. Data analysis

Rawinsonde data were analyzed at ten stations in the
western, central, and southeastern equatorial Pacific
(see Table 1 of D93) from a subset of 40+ statons
within 10° of the equator identified by Dunkerton
(1991) as having copious data in the troposphere and
lower stratosphere since 1973. Measurements were typ-
ically made once or twice per day (e.g., near 0000 or
1200 UTC) and occasionally at other times, so that
binned, interpolated soundings were stored four times
daily. Rawinsonde time series extended from | January
1973 through 18 April 1992. The quality control, in-
terpolation, and spectral analysis were described in
D93. Dominant oscillations were identified from co-
herence of meridional wind at the same station or be-
tween adjacent stations. Examples of coherence spectra
and zonal wavelengths in D93 agreed with earlier re-
sults based on one or two intensive observing periods
(e.g., Yanai et al. 1968).
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Rotated principal component analysis was per-
formed in D93 by constructing covariance or correla-
tdon matrices within a few "‘synoptic networks'’ con-
sisting of stations aligned parallel to the equator in
west-central Pacific (from Kota Kinabalu to Tarawa)
or stations near the date line on opposite sides of the
equator (Majuro, Tarawa, and Funafuti). Cross-spec-
trum analysis of principal components revealed coher-
ent, westward propagating pattems in agreement with
results obtained directly from individual stations. Time
histories of their quadrarure spectra described seasonal
and interannual variations of wave activity.

In this paper. we suppiement rawinsonde data with
2.5° X 2.5° gridded analyses from the European Centre
for Medium-Range Weather Forecasts (ECMWF) and
outgoing longwave radiation (OLR) datasets. Initial-
ized ECMWF analyses (twice daily) and OLR data
(once daily) were obtained for the time period 1 Jan-
uary 1980 to 31 December 1989. There were at most
7306 points of overlap between ECMWF and rawin-
sonde time series. EOFs obtained from rawinsondes in
1980— 1989 were indistinguishable from those obtained
from the full record (1973-1992), so the latter were
used here.

Our analysis of correlations between rawinsonde and
gridded analyses began with individual station time se-
ries of meridional wind and principal components de-
rived from the synoptic networks of D93. Point corre-
lations were similar to those determined by Randel
(1992). These lay in the range 0.60-0.90 and were
highly significant but uninteresting; the spatal patterns
were simply bull's eyes centered near the station lo-
cation with small radius (a few degrees). This com-
parison established the accuracy of ECMWF anomaly
fields, but there are evidently many phenomeana passing
over individual statons so that the coherence length is
quite small when all scales of motion are inciuded. This
is a major limitation of one-point correlation analysis
in the opical troposphere.

Correlations between rawinsonde principali compo-
nents of D93 and ECMWF data were more illuminat-
ing, giving significant patterns extending over many
days tme lag, several tens of degrees longitude, and
most latitudes of the opical belt. Meaningful results
could be obtained using extended EOFs from individ-
ual stations, even at isolated locations. For this purpose,
correlation matrices were constructed at each station on
a two-dimensional grid having the vertical coordinate
as one direction (at standard pressure levels 850, 700,
500, 400, 300, 250, 200, 150, 100, 70, 50, and 30 mb)
and time lag as the other. Mendional wind v’, zonal
wind u’, and temperature 7" were combined into a sin-
gle mamix; similar results were obtained from mendi-
onal wind alone. This method is a further extension (to
many time lags) of ‘‘extended, multivariate, rotated
principal component analysis’’ in which spatially grid-
ded data are arrayed at a few tme lags (Lau and Lau
1990) or, alternatively, an extension of ‘‘singular spec-

trum analysis " of time series (Ghil and Mo 1991) to
include a spatial coordinate. several vanables. and var-
imax rotation as well as ume lag. As in SSA. the win-
dow length is arbitrary: optimum resuits are obtained
if anywhere from one-half to a full cycle of the domi-
nant oscillation fit into the window. ( Longer windows
produce degenerate EOFs, while shorter windows mis-
represent oscilladons as a wend.) An increment of one-
half day was sufficient for time lags, with maximum
lag =3 days. For single-station extended EOFs. the re-
suiting correlation marrix had dimension (13 lags)
X (3 variables) X (12 levels) = 468. Domunant oscil-
ladons appeared as a pair of EOFs approximately in
quadrarure, with coherent principal components. Vari-
max rotagion was used (o opumize coherence between
rotated PCs, including up to 24 EOFs in the rotation.

As in D93, data were prefiltered to exclude low fre-
quencies. Examples of frequency response using com-
binations of triangle filters (as in D93) are shown in
Figs. la, b for highpass and bandpass, respectively. For
most of the results shown in this paper, a single high-
pass filter was applied (—,24 in the notation of D93)
with haif-power response at about 12 days and nearly
full response at higher frequencies. This gave an ob-
jectve, though imperfect, definition of dominant EOFs.
(Filtering did not predetermine the wave period. but
more than one disturbance was sometimes found in the
same EOF.) Once the dominant wave periods were ob-
jectively determined, principal component analysis was
repeated with bandpass filters suited to each distur-
bance. This gave a more accurate definition of wave
structure and amplitude variability.

Results did not greatly depend on the choice of filter
as long as the lowest frequencies (e.g., Hadley circu-
lation) were excluded, as in D93. Care must be taken
when using SSA on prefiitered data since, as shown by
Ghil and Mo (1991) even red noise can produce an
oscillation. This did not affect any of the squctures re-
ported here.

Principal component analysis also used ECMWTF
dara as input. This was done in one of two ways, ver-
tcaily or horizontally. 1) Mernidional wind was arrayed
in the longitude -height plane on 24 X 7 grids of length
60° or 120° at standard levels (1000, 850, 700, 500,
300, 200, and 100 mb). The gnds were placed at any
of 36 starting longitudes (10° apart) along 5° latitude
circles (10°S, 5°S, equator, 5°N, 10°N). 2) Mendional
wind, zonal wind, and OLR were arrayed in the lon-
gitude -latitude plane on 8 X 9 grids of various sizes
(40° x 20°, 40° x 40° and 60° X 60°) at standard
pressure levels, starting at any of 36 longitudes as in
1). To check that latitudinal structures were not influ-
enced by sampling, the grids were centered at various
lattudes —confirming that rotated EOFs are domain-
independent. Results obtained from 2) provided many
valuable insights on the dominant patterns of synoptic
variability in the tropical ooposphere, as well as some
useful information on midlatirude baroclinic systems
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FiG. 1. Response of highpass (a) and bandpass (b) filters used in this study.

penetrating the Tropics. Since it is too extensive to dis-
cuss here, this material is reserved for a subsequent
manuscript. In this paper we present results obtained in
the Pacific sector at 700 mb using 40° X 40° grids cen-
tered oun the equator.

3. Vertical and horizontal structures
a. Rawinsonde observanons

Extended EOFs of rawinsonde data (v’, 4’,and T")
were obtained at the ten stations listed in Table 1 of
D93. Several of these were identcal in their v’ com-
ponent to EOFs of v’ alone. Various structures were
obtained. including upper-tropospheric waves at 150—
300 mb (type A of D93), lower-ropospheric waves
(1000-500 mb) with tilted baroclinic stucture aloft
(type B). and stratospheric Rossby-gravity waves
(70-30 mb). These disturbances were characterized
by a large meridional wind component. The analysis
also revealed Kelvin waves in the stratosphere ( for the
first dme using EOFs) and other tropospheric distur-
bances involving zonal wind and temperature that may
be related to intraseasonal oscillations and the seasonal
cycle. Attention is restricted to meridional wind oscil-
ladions in the 3—6-day range, concentrating on the o-
posphere where horizontal structure and propagation
could be determined using gridded analyses. Our col-
orless terminology (A, B) will be used again because,
as shown in section 4, these vertical strucrures some-
times contained a mix of disturbance types.

Examples of type A are shown in Figs. 2a—c. This
structure, with maximum v’ at 150—300 mb, was found
at each of the ten stations. It was the dominant merid-

ional wind oscillation at central and eastern Pacific sta-
tions but of secondary importance in the far western
Pacific. The phase relation of meridional (v') and zonal
(x') wind (not shown) was as follows. At Arona, in
the southeastern equatorial Pacific, 4’ led v’, consistent
with a westward propagatng Rossby-gravity wave
south of the equator. At Tarawa, in the cenoal equa-
torial Pacific, the meridional wind had a similar pattern,
but «’ was negligible. At Majuro, north of Tarawa, u'
lagged v’, although the two were not in perfect quad-
rature, displaying a positive correlation as in D93. Ver-
teal structure evolved gradually toward the western
stations so that phase tilts were replaced by an out of
phase ‘‘first baroclinic mode’’ (e.g.. Koror). All of
these structures in central and western Pacific were vir-
tually the same as lag-correlation patterns with respect
to the principal components of sparial EOFs obtained
in D93.

The second EOF pair of meridional wind (type B)
displayed a characteristic westward (eastward) it with
height in upper (lower) roposphere at centrai and east-
ern Pacific stations, as shown in Figs. 3a—c (Majuro)
and Figs. 4a-c (Atona). (Westward propagation is
assumed in translating the phase delay into a verucal
tilt.) The phase relation between zonal and meridional
wind switched upon crossing the equator. Likewise, the
meridional heat flux switched sign so that the product
Fu'T’ (where fis the Coriolis parameter and the over-
bar denotes an average over tme lags) was in both
hemispheres positive near the ropopause and negative
in the lower woposphere. These patterns were consis-
tent with an equatorial wave radiating upward above
200 mb and downward below that level. It may be
tempting to discard the B pattern as an artifact of EOF
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FiG. 2. Mendional wind structure associated with upper troposphere (type A) EOFs at various rawinsonde stations.

analysis given the orthogonality of unrotated EOFs.
However, the pattern persists as many EOFs are ro-
tated —reflecting a genuine cormrelation between the
100-mb level and the lower half of the troposphere
(D93). Nearly identcal results were obtained when the
150~-300-mb layer was omitted.

At Tarawa the meridional wind stucture of lower
tropospheric waves was similar (Fig. 5c¢), but zonal
wind and temperature ( not shown) were negligible. At
Truk (Fig. 5b) there was little vertical lt. In the far
western Pacific (Kota Kinabalu, Fig. 5a) there was
modest westward tilt over a deep layer and a minor
phase reversal in upper troposphere. In this region the
order of A and B were reversed, suggesting a strong
horizontally divergent component of rawinsonde ve-
locides near the main Hadley cell.

The extended EQF technique gave meaningful re-
sults at isolated stations like Atuona (Figs. 2c, 4a—c).
The B partern at this location suggested an unusual, if
not bizarre, coupling of lower woposphere and lower
stratosphere ( Fig. 4a). The interpretation of this pattem
was elusive until recently (section 4).

b. ECMWF observarions

Spatial EOFs of meridional wind were obtained from
ECMWF data on various horizontal and vertical grids
as described in section 2. Similar vertical structures (A,
B) were found as in rawinsonde data; two examples
are shown in Figs. 62, b from the eastern Pacific. These
were universal parterns —observed with significant co-
herence over the three tropical oceans—except for the
western Pacific, where the dominant EOF pair dis-
played westward tilt with height as in Fig. 5a, and the
second pair displayed a *‘first baroclinic mode’" struc-
ture (not shown).

Figures 7a-c display the lag correlation of ECMWF
v', u’, and T’ with respect to the principal component
associated with Fig. 6a (type A). Correlations with re-
spect to that of Fig. 6b are shown in Figs. 8a—c (type
B). Zonal wind and temperature perturbations were ap-
proximately antisymmetric (not shown). Although the
100-mb data may not be completely reliable as the top-
most level of initialized ECMWF data, correladon of
meridional wind and temperature clearly suggested an
upward flux of wave acdvity near the ropopause and
a downward flux in lower troposphere, as in rawin-
sonde data. There was an apparent eastward and dowa-
ward group propagation through the mudtroposphere
(Liebmann and Hendon 1990).

c. Horizontal structures in ECMWF and OLR data

Theoretical equatorial waves have a well-defined
horizontal saucture and cross-equatorial symmey. As
noted in the Introduction, it is primarily their horizontal
structure and propagation that separates equatonally
rapped waves from off-equatorial TD disturbances
(Lau and Lau 1990, 1992; Takayabu and Nitta 1993)
and from eastward waveling midlatitude baroclinic sys-
tems. Lau and Lau (1990) used principal component
analysis in the horizontal plane to describe TD distur-
bances. Their method (involving 850-mb vorticity and
a few dme lags) was well suited for these disturbances
since vorticity involves horizontal differentiation (em-
phasizing smaller scales) but apparently did not yieid
much useful information on equatorially trapped
waves. Takayabu and Niwta (1993 ) separated the two
waves using gridpoint correlation analysis of ECMWF
data with respect to GMS equivalent blackbody tem-
peratures (in western and central Pacific during north-
em summer).



1590

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 32. No. 10

b 4 c -

mop

100}
200}
JN ——
sook

8so}

Majure

—_—

-2.0

Q.0 2.0 -2.0 0.0 2.0

lag {days)

FIG. 3. Structure of lower troposphere (type B) EOF at Majuro. (a) Meridional wind: (b) zonal wind: and (c) temperature.

Wave structures are easily distinguished using the
multivariate horizontal EOFs described in section 2
(u’, v’, and OLR). At 700 mb this technique, in con-
wrast to that of Lau and Lau, tended to emphasize
Rossby-gravity waves over TD disturbances, except
in the western Pacific where TD disturbances attained
large amplitude. Four examples of multivarate rotated
EOFs are shown in Figs. 9a—d from western to eastern
Pacific.

Major variations of wave structure were visible pro-
ceeding from western to eastern Pacific. In the west
(Fig. 9a) the dominant pattem was centered north of

the equator, with short zonal wavelength. consistent
with a vortex train aligned towards the northwest (Lau
and Lau 1990). Convection, indicated by the neganve
OLR anomaly, was closely tied to the cyclonic vortex
(Takayabu and Nita 1993). Near 160° E there was a
wansition zone where a single EOF pair contained char-
acteristics of both TD and Rossby—gravity waves (Fig.
9b). Note how zonal wavelength in Fig. 9b expands
south of the equator, and zonal velocity becomes an-
tisymmertric in the eastern half of the grid. In the central
Pacific the disturbance was primarily that of the
Rossby-gravity wave (Fig. 9¢), centered near the
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F1G. 4. As in Fig. 3 but for Aruona.
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Fi1G. 5. As in Fig. 2 but for lower roposphere (type B) EOFs.
equator, flanked by remarkable antisymmetric OLR tisymmetic lobes of convecton in Fig. 9c—running
¢ anomalies. [n the eastern Pacific the Rossby—gravity on only one cylinder. Disturbances were apparently be-
L stucture persisted (Fig. 9d), accompanied by a single, coming decoupled from convection in this region as the
o weak lobe of OLR north of the equator. This obser- group propagated eastward. These remarks pertain to
x vation is consistent with a tendency of the intertropical the transition of climatological structure from western
a convergence zone (ITCZ) to paralle! the equator on the  to eastern Pacific, and not 10 any particular wave event,
. northern side across the Pacific, while the South Pacific  although examples of group propagation with structural
; convergence Zone (SPCZ) slants southeastward away changes can also be found in the data.
s from the equator (Vincent 1994). East of the date line As discussed in the sequel, Rossby-gravity struc-
- the SPCZ is too far from the equator to interact with tures were prevalent in the 700-mb analysis throughout
al equatorial waves. Figure 9d gives the impression, as it the central and eastern Pacific, Atlantic, and Indian
e were, of a two-cylinder engine —representing the an- Oceans. The TD disturbances were detected not only
€
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FiG. 6. Longitude-height EOFs of meridional wind from ECMWF data in eastcenwral Pacific. (a) Upper-tropospheric mode at equator;
(b) lower-tropospheric mode at 5°S.
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in the western Pacific but ( with lesser amplitude) in the
Atlantc and central American sectors (Lau and Lau
1990). Weak equatorially aapped Rossby waves were
found in the Atlantic (Liebmann and Hendon 1990).
Subtropical latitudes were dominated by eastward
moving baroclinic systems, and some evidence of me-
ridional propagation was seen along the west coast of
South America. There were noticeable variadons of
wave period from one region to the other, even within
the same wave type, showing how the local environ-
ment is important.

4. Phase and apparent group propagation

a. Lag correlarion diagrams

Several examples of lag correlation of ECMWF
meridional wind with respect to principal compo-
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FiG. 7. Lag correlation with respect to principal component
of EQOF shown in Fig. 6a. (a) Meridional wind: (b) zonal wind:
and (¢) temperamre. Contour interval is 0.10, starting at
=0.05.

nent time series (PCs) are displayed in Figs. 10a-f.
Figures 10a,b show 200-300-mb v’ correlations
with respect to rawinsonde type A PCs at Tarawa
and Atuona. The dominant waveleagth in central
Pacific was 60°-80° (zonal wavenumber 4-6), in
agreement with rawinsonde estimates (D93). Ap-
parent group velocity was eastward. The situation
at Atuona was rather different (Fig. 10b). The in-
terference pattern at this location was caused by su-
perposition of eastward moving midlatitude baro-
clinic systems and westward moving equatorial
waves. By examining other latitudes, we found that
the same reference series that was correlated with
westward moving waves at the equator was also cor-
related with eastward moving waves at 22.5° S.
Therefore, the type A PC at Atuona contained both
types of wave. This is an obvious limitation of sin-
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gle-station EOF analysis since nothing can be in-
ferred about propagation direction.

Correlation with type B gave a significant response
in the lower troposphere. In the far western Pacific,
zonal wavelengths were shorter by a factor of two
(typically 30°-40°). Figure 10c shows correlations
with respect to type B at Kota Kinabalu. Zonal group
velocity was poorly defined, but there was evidence
of fast southward group propagation in this region,
that is, a lag of 1 or 2 days between the time of max-
imum activity at 7.5°~15° N and its appearance near
the equator (see discussion surrounding Figs. 13a,d
below). Figure 10d shows the correlation with re-
spect to type B at Majuro. In the cental Pacific, the
pattern mixed together short wavelengths to the west
of the date line and longer wavelengths to the east—
reminiscent of Nitta’s (1970) rawinsonde observa-

y b 78N 1275w
100 , 4 ——— ‘

T T T

mb
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300

500 ()

700

a8s0
1000 -

FiG. 8. As in Fig. 7 bur with respect to principal
component of EOF shown in Fig. 6b.

tion. In this region type B was probably influenced
by TD disturbances, as well as by lower-tropospheric
equatorial waves.

The conftrast between western and eastern Pacific
was obvious using 700-mb ECMWF principal com-
ponents as the reference series (Figs. 10e.f). Zonal
wavelengths were nearly twice as long in eastern Pa-
cific, and the periods were somewhat shorter.

Maximum correlations of ECMWF data with rawin-
sonde or ECMWF principal components were typicaily
0.50-0.70, slightly lower than gridpoint correlations
mentioned in section 2 but extending over 2 much
larger horizontal area. The percentage of spatally av-
eraged meridional wind variance in the roposphere ex-
plained by dominant EOF pairs was typically 10%—-
30% (D93). Percent variance explained is an ambig-
uous statistic, reflecting the wave amplitude, spatial ex-
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tent, and frequency of occurrence relative to other dis-
turbances on the grid. More meaningful is the relative
amplitude of waves (compared to the mean flow),
which, in the lower troposphere, was generally large in
the western Pacific, causing closed vortices to form,
while moderate in the central and eastern Pacific, caus-

ing deflection of trade winds ~45° from the prevailing
direction.
b. Wave parameters

Lag correlations were calculated with respect to ten
examples of type A rawinsonde PCs (one from each



au

uaq

LS

15

lag (days)

lag (days)

lag (days)

May 1995 DUNKERTON AND BALDWIN 1595
v a €0 200 mo

-8k J
-4 - 4
- ’:n‘ ~

b >

[«
or 32 B

I oy

- g ]
4+ 4
8k 4 4

r A e V= 21 . L 1 o, e L 4

90 120 150 180 150 120 90 30 120 150 180 150 120 90

£ . . W £ . W
longitude longitude
v b 755 300 mo v e 75N 700 mo
I r I T T T [ T T T T T
-8k Pl -8 4
~al —af ]
& @ U o~ - 4
> b

[ [}
ok 3 oaf i

) : !

- 2 - !
4r 0 4 e 4
al s 0 -

e L L A b d i [ L - L 4 1 ke - o
90 120 150 180 130 120 90 GM 30 80 30 120 150 180
£ . w . £
longitude longitude
v c 75N 700 mo v f £Q 700 mo
-8F y
-4 b E
= ? -
3 >
Q
or 3 4
o

r 2 - h
4 O 1
8 b -
GM 30 80 90 120 150 180 180 150 120 90 60 30 GM

langitude . v longitude

FiG. 10. Lag correlaton of meridional wind with respect to principal components of rawinsonde data ((a), (b), (c). (d)] and 700-mb ECMWF
and OLR data ((e), (f)]. Arrow at bottom of plot indicates station location or center of ECMWF subgrid. Daca from this station (or subgrid)
were used to generate the EOF and corresponding principal component tme series for lag correlation analysis. Contour interval is 0.10.
stardng at =0.05.



1596

stadon). ten of rype B. and 16 examples of 700-mb
ECMWF and OLR PCs from westem to eastern Pacific
(at 10° intervals ). Wave parameters were estimated at
each pressure level (1000, 850, 700. 500, 300. 200. and
100 mb) at 15°S. 7.5°S. equator. 7.5°N, and 15°N. Zonal
wavelength, phase speed, apparent group velocity, and
wave period were obtained objectively by a simple rou-
une, as illustrated in Fig. 11 using the example from Fig.
10a. Contguous grid points exceeding a certain thresh-
old (correlation magnitude 0.05) were grouped into
clusters, a least-squares fit was obtained ( for phase lines)
along with a center of mass. and a second least-squares
fit was drawn through the centers of mass ( for apparent
group velocity). Zonal wavelength and wave period
were calculated between adjacent phase lines near clus-
ter centers. Examples of zonal wavelength, phase speed,
and wave period are shown in Figs. 12a-d.

In Fig. 12a, zonal wavelengths at 850 mb decreased
markedly from eastern to western Pacific, as already
noted. Immediately west of the date line, wavelengths
appeared to decrease gradually, which is somewhat de-
ceptive as the actual transition was more abrupt (e.g.,
Fig. 10d). There were longer wavelengths (with
Rossby —gravity swucture) in the Indian Ocean region.
Wave periods at 850 mb increased noticeably from
eastern to western Pacific (Fig. 12d). The contrast was
most apparent in 850-mb phase speed (Fig. 12b).
These values are consistent with Liebmann and Hendon
(1990).

At 200 mb (Fig. 12c), phase speeds east of the date
line separated into two groups ( as did zonal wavelength
and wave period, not shown): those associated with
type A EOFs (maxima near 200 mb, denoted by an x ),
and type B or 700-mb EOFs (maxima near 700 mb,
denoted by 2 **+"* or "*A""). Two conclusions may be
inferred from this analysis: 1) upper- and lower-tro-
pospheric EOFs east of the date line represented dis-
unct phenomena (D93); 2) 700-mb disturbances in this
region were coherent with 200 mb v’, bur not ar zero
lag. Lag correlation diagrams, examples of which are
shown in Fig. 13, revealed that lower-tropospheric
waves were present at 200 mb in the central Pacific a
few days prior to their arrival in the eastern Pacific
lower woposphere (Figs. 13c.f). There was a similar
delay in the central Pacific with less zonal group prop-
agation (Figs. 13b,e). Waves at 100 mb closely fol-
lowed those at 200 mb but slightly to the east (not
shown ). The picture obtained is that of a Rossby—grav-
ity packet in central Pacific entering the eastern Pacific
upper woposphere, diverging simultaneously upward to
the stratosphere and downward to the lower tropo-
sphere. This remarkable observation from ECMWF
data may explain the unusual type B correlation pattern
in Amona rawinsonde data (Fig. 4a).

In the far western Pacific, there was little evidence
of zonal group propagation but an apparent equator-
ward propagation of the wave packet (Figs. 13a.d).
Given the energetic nature of disturbances in the north-
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FiG. 11. Lag corretation of meridional wind as in Fig. 10a,

illustrating how various wave parameters were determined.

west equatorial Pacific, it would be surprising if
Rossby —gravity waves were not excited as result of
equatonial penetration of TD disturbances. Examples of
this interaction are visible in the data (e.g., November
1981). The modest westward tilt with height of distur-
bances in this region suggests that if there is a signifi-
cant projection onto equatorial Rossby - gravity waves,
packets of these waves will initially propagate upward
into the central Pacific upper woposphere and then di-
verge along the two ray paths noted above.

¢. EOFs of bandpassed data

The 700-mb multivariate EOFs were also obtained
using the bandpass filters shown in Fig. 1b. As noted
in section 2, the calcuiation was performed on a large
number of subgrids of the original ECMWF grid to
confirm that rotated EOFs were domain independent.
The analysis established a clear distinction in each oce-
anic region between equatorial Rossby-gravity waves
and TD disturbances with respect to frequency, zonal
wavelength, cross-equatorial symmetry, and horizontal
momentum flux. In the topical Pacific lower tropo-
sphere, optimum Rossby—gravity structures were ob-
tained from variance endrely below 5-days period,
while TD disturbances were best described from vari-
ance in the 6-8-day range. By contrast, Atlantic east-
erly waves were primarily in the 3-4-day band:
Rossby-gravity waves over the Indian Ocean had pe-
riods greater than 5 days. Zonal wavelength of TD
disturbances was generally much less than that of
Rossby—gravity waves. For Rossby ~gravity EOFs, the
center of meridional wind variance was located, on av-
erage, exactly at the equator in the Pacific and Indian
Oceans and a few degrees south of the equator in the
Atantic. An advantage of EQOF analysis is that we did
not demand cross-equatorial symmertry a priori; nev-
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FtG. 12. Wave parameters from lag correladon analysis using principal components as reference series for rawinsonde type A (upper
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proportonal to the average correlation within each cluster of points used to determine wave parameters (sce Fig. 11). (a) Zonal wavelength
at equator, 350 mb; (b) phase speed at equator, 850 mb; (¢) phase speed at equator, 200 mb; and (d) wave period at equator, 850 mb.

ertheless, the expected symmetry was obtained (more
or less) at all longitudes. Rossby—gravity EOFs, on
average, had a negligible horizontal momentum flux
correlation (u’v” = 0). The TD disturbances had a
large positive correladon—much larger, in fact, than
midlatitude baroclinic waves in the same EQF calcu-
lation.

Vector plots of (u’, v') lag correlation were similar
to those illustrated by Liebmann and Hendon (1990),
Hendon and Liebmann (1991), and Takayabu and
Nitta (1993 ) in the western and central Pacific, so there
is no need to show them again here. In the eastern Pa-

cific, the Rossby—gravity structure was like that of the
central Pacific, with weak coupling to OLR north of the
equator.

5. Seasonal and interannual variations

Time series of quadrature power from rawinsonde
type B EOFs and 700-mb ECMWTF and OLR EQFs are
shown in Figs. 14a,b, respectively. The calculation of
Q(x1. x2) between coherent principal components x,
was described in section 5 of D93. One value of Q was
plotted every 32 days and was obtained within a sliding
(overlapping) window of length 128 days.
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FtG. 14. Time series of quadrature power determined from (a) rawinsonde and (b) 700-mb ECMWF and OLR principal components.
Average seasonal cycle is shown at far right (heavy lines). In (a), stations are dispiayed from western Pacific (boctom) to eastern Pacific (top)
as listed in Table | of D93. In (b), ECMWF subgrids are dispiayed from westem Pacific (bottom) to eastern Pacific (top) at {0° intervals,
beginning at 107.5° E. Station locations are indicated by arrows on the right of (b) for comparison to (a). The date line is near Funafud (F,

179.2° E).

The average seasonal cycle is also shown (heavy
lines). For clarity, the rawinsonde seasonal cycle was
magnified by a factor of two, and 1992 was omitted.
Although seasonal variations in either dataset were by
no means constant from year to year, it is apparent that
dominant waves in the lower woposphere maximized
in Northern Hemisphere (NH) summer, autumn, and

winter in the western, central, and eastern Pacific, re-
spectively. There was excellent agreement between the
two datasets in this respect.

To summarize what has been suggested by earlier
authors, the summer maximum in western Pacific is
consistent with the time of overall warmest SST, while
the autumn maximum in central Pacific reflects the ap-
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pearance of twin SST maxima straddling the equator
(Hendon and Liebmann {991). The TD diswrbances
are stongly coupied to convecton (Takayabu and
Nitta 1993) but do not require a particular SST pattern.
Rossby —gravity waves in the central Pacific are more
loosely coupled and apparently prefer off-equatorial
SST maxima ( Hendon and Liebmann 1991). Accord-
ing to the Sadler et al. (1987) atlas, the SST contrast
between the equator and =10° latirude is soong in NH
aumumn (NH winter) in central (eastern) Pacific; this
may explain the tendency for eastern Pacific waves to
maximize a little later than central Pacific waves (Fig.
14b). We note, however, that most of the eastern Pa-
cific activity could be traced back to the central Pacific,
in accord with the apparent group propagation dis-
cussed in section 4. Thus, in a climatological sense, in
situ excitaton of convectively coupled Rossby —gravity
waves in the eastern Pacific is unlikely when compared
to the cenrral Pacific.

Interannual vanations are also apparent in Fig. 14.
While there was modest agreement between the two
datasets during large events (e.g., 1981 and 1986 in
central Pacific, 1985 in western Pacific), the rawin-
sonde series were noisier, and peak to peak climato-
logical vaniatuon were smaller, than the ECMWEF/OLR
series. This is to be expected since the rawinsonde
value is a point measurement (as opposed to a spatial
PC representing many grid points) and some spatial-
temporal smoothing is inherent in the ECMWF anal-
ysis scheme.

Takayabu and Nitta (1993) suggested that ENSO
modulates the lower-tropospheric waves so that equa-
torial waves are preferred (relative to TD disturbances)
in years of relativaly cold equatorial SST, and vice
versa, ¢ven within the same geographical region. Al-
though there is evidence of interannual variation in Fig.
14, it wouid be better to document this vanability using
an evolunve principal component analysis in which
EOFs change slowly in time (D93 ) instead of remain-
ing fixed to the climatological smuctures discussed
here.

6. Conclusions

Twenty years of rawinsonde data (1973-1992) were
examined in conjunction with ECMWF analyses and
outgoing longwave radiation (OLR) in 1980-1989 to
determine the horizontal stucrure, propagation, and
convectve coupling of 3-~6-day mendional wind os-
cilladons over the tropical Pacific. Wave properties
from ECMWTF darta were consistent with what couid be
determined from the sparse rawinsonde network alone.
There were significant correlations between the two da-
tasets, using individual station observations or rawin-
sonde principal components as reference series; the lat-
ter gave useful results over a much wider horizontal
area. Zonal wavelengths, phase speeds, and wave pe-
riods were determined objectively and agreed with pre-
vious estimates.

Vou. 52, No. 10

Gridded analyses allowed a clearer distinction be-
(ween equatorially trapped Rossby-gravity waves
and off-equatorial TD disturbances so that the con-
trasting properties of these waves, inciuding their
seasonal and interannual varnation. could be studied
in better detail. Zonal wavelengths of Rossby-grav-
ity waves east of the date line in the lower tropo-
sphere were nearly twice that of TD disturbances in
the far western Pacific, and westward phase speeds
were larger by a factor of 3. Unlike TD disturbances
in other sectors, the western Pacific waves had a rel-
atively long period (6—8 days).

Significant correlations with OLR were found, in-
creasing in magnitude from eastern to western Pacific.
In the western Pacific, convection was tightly coupied
to the cyclonic vortex of TD disturbances. For 700-mb
Rossby —gravity waves in the central Pacific, the con-
vection, by contrast, displayed a remarkable antisym-
metric pattern with respect to the equator, consistent
with low-level convergence. There was a transition
zone in west-central Pacific where disturbances dis-
played characteristics of both. In the eastern Pacific,
only the northern half of the antisymmetric OLR pat-
tern survived and was somewhat weaker. This indicates
that, on average, the lower-tropospheric waves were
either too weak to organize convection in the southeast
equatorial Pacific, or convection was too difficult to
establish here due to unfavorable SST.

The apparent group propagation of disturbances was
equatorward in the western Pacific, eastward across the
cenual and eastern Pacific, and upward-downward out
of the 150-300-mb layer. Vertical propagation was ev-
ident mainly at higher frequencies, implying that only
a fraction of the kinetic energy associated with
Rossby—gravity waves in the upper troposphere was
involved either in convective coupling to the lower tro-
posphere or vertical momentum transport to the lower
stratosphere. A key resuit is that even though Rossby—
gravity structures dominated the 150-300 layer
throughout much of the tropics, their average charac-
terisucs ( zonal wavelength, phase speed, and wave pe-
riod) were sufficiently different from faster RGW in
the lower troposphere and lower stratosphere so that
two or three distinct EOF pairs were required to de-
scribe them (D93). Evidently a large component of
mendional wind varance near 200 mb—much of it
associated with Rossby—gravity waves and following
a moist RGW dispersion relation (Randel 1992: Ma-
gaia and Yanai 1994) —tended to overwhelm the
smaller, faster component responsible for convective
coupling and vertical momentum transport. Neverthe-
less, we found significant correlation to 200 mb a few
days prior to the arrival of waves in the lower Topo-
sphere and lower stratosphere. The verucal group ve-
locity of Rossby—-gravity waves is sensitive to inminsic
frequency, which may explain the mapping of lower-
frequency waves.
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Although our results establish a role for convectively
coupled Rossby—gravity waves in the stratosphere, it
is doubttul that all stratospheric Rossby - gravity waves
are necessarily the result of convection since the B pat-
tern explained only a fraction of stratospheric RGW
and their seasonai vaniations were distinct (D93). Ver-
tical radiatdon across the tropopause is expected re-
gardless of convective coupling, leaving a role for lat-
erally forced waves in the momentum balance of the
lower stratosphere. Further investigation of this matter
is desirable but outside the scope of this paper.

It was suggested that in addition to convectve and
lateral forcings, Rossby-gravity waves could be ex-
cited by energedc TD disturbances in the western Pa-
cific. Rossby—-gravity packets occasionally emerged
eastward from a large TD event in the western Pacific.
Although it is expected that individual RGW phases
may act to ‘‘seed’’ TD disturbances since the phase
propagation is westward (Takayabu and Nitta 1993),
the direction of cause and effect is eastward according
to linear theory. The observed group propagation was
in fact eastward, but we caution that this is an apparent
group velocity that, in general, must account for the
role of saturation, dissipation, and (possibly) the mo-
ton of midlatitude sources.
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Evidence of meridional motion in the summer lower
stratosphere adjacent to monsoon regions

Timothy J. Dunkerton
Northwest Research Associates, Bellevue, Washington

Abstract. Twenty-one years of rawinsonde data were used together with 8 years of
uninitialized European Centre for Medium-Range Weather Forecasts (ECMWF) analyses
to describe the climatological structure of large-scale circulations adjacent to monsoon
regions in northern and southern hemisphere summers. In the upper troposphere and
lower stratosphere, equatorward and poleward motions occur on the eastern and western
sides of monsoon regions, respectively. [t is shown that significant meridional velocities
(>1 ms™!) penetrate the lower stratosphere up to a maximum height of 50-30 mbar.
Largest meridional velocities are observed in connection with the Asian monsoon in
northern summer. Although evanescent in height, these motions are relatively important
for horizontal transport of constituents in the summer lower stratosphere, when planetary
waves are otherwise small. Asian and Mexican monsoons in this season are displaced
sufficiently far from the equator, in close proximity to the tropopause break, to have a
significant role in stratosphere-troposphere (S/T) exchange. The companion paper by
Chen (1995) provides evidence of irreversible S/T exchange in the “upper middle world”

during northern summer.

1. Introduction

Large changes of circulation, cloudiness, and precipitation
accompany the seasonal march of the tropical and subtropical
troposphere. These variations are especially prominent over
the eastern hemisphere (attributed to African, Asian, and Aus-
tralian monsoons) and Americas. Although complex in detail,
and varying somewhat from year to year, the seasonal cycle
follows a predictable course. Deep convection and rainfall
occur in the summer hemisphere, attracted to the warmest
land surfaces and sea surface temperature. Tropospheric cir-
culations provide moisture for convection and are in turn
driven by latent heat release. The upper tropospheric response
is approximately opposite that near the surface, containing a
significant cross-equatorial divergent flow, as well as rotational
circulations in the subtropics adjacent to the convection. Mid-
latitude jet streams are enhanced locaily as part of the rota-
tional response, with meridional transport into jet entry re-
gions and away from jet exit regions.

Although monsoon circulations have been described in
many textbooks, relatively little attention has been given to the
structure of climatological circulation in the upper troposphere
and lower stratosphere. For reasons that are not entirely clear,
we find numerous illustrations of 200 mbar circulation in the
literature, as if this level adequately described the upper tro-
pospheric flow. Among mandatory rawinsonde levels, the 200
mbar level contains the maximum zonal wind of midlatitude
jets (u), and largest zonaily averaged meridional wind at the
equator (U); this level also provides a qualitatively correct pic-
ture of the rotational response to tropical convection. How-
ever, the magnitude of response in northern summer is gener-
ally largest in the 200-100 mbar layer, especially over Asia, and
is best illustrated using 150 or 100 mbar data.
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Circulation patterns of the subtropical upper troposphere
are visible in the lower stratosphere during summer, decaying
rapidly with height. These circulations are able to transport
constituents horizontally in the lowest layers of the strato-
sphere, as illustrated, for example, in the poleward dispersal of
volcanic aerosol following the eruption of Mount Pinatubo
[Trepte et al., 1993]. Although summer monsoon circulations
and quasistationary waves are evanescent in height (significant
only up to approximately 20-25-km altitude), they are primar-
ily responsible for lateral mixing of the lower stratosphere in
this season, when planetary waves are otherwise small.

In a companion paper, Chen [1995] emphasizes for the first
time the role of summer monsoon circulations in stratosphere—
troposphere (S/T) exchange. Chen finds that isentropic mixing
and S/T exchange in the “upper middle world” are significant
in northern summer, in connection with Asian and Mexican
monsoons. Extending the terminology of Hoskins [1991], the
upper (lower) “middle world” contains surfaces of constant
potential temperature  intersecting the tropopause above (be-
low) the jet maximum.

The purpose of this paper is to describe the climatological
circulation of the upper troposphere and lower stratosphere at
the solstices, emphasizing the penetration of monsoon circu-
lations and quasistationary waves into the lower stratosphere
in the northern hemisphere during summer. Rawinsonde data
for 1973-1993 are compared to analyses obtained from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) in 1985-1992 (the data and analysis methods are
described in section 2). The upward penetration is more dra-
matic in northern summer (section 3) and displaced farther
from the equator, in comparison to southern summer (section
4). Variability of monthly means is discussed briefly in section 5.

2. Data Analysis

Rawinsonde wind and temperature data for January 1, 1973,
through November 6, 1993, were used in this study. Mandatory
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level data were subject to quality control and linearly interpo-
lated to 4 times daily as described by Dunkerron [1993]. The
mandatory levels are 1000. 850. 700, 300, 400, 300, 250, 200.
150, 100. 70, 50. 30. 20, and !0 mbar. For monthly means, a
minimum of eight soundings per month were required. For
each station’s climatology, a minimum of four Januarys. four
Februarys, etc.. were needed in order to be inciuded in the
analysis. Stations selected for study met one of two criteria: (1)
having a minimum of 90,000 data records (one record is equiv-
alent to wind or temperature data reported at a single pressure
level), or (2) having a minimum of 45,000 data records and
more records than any adjacent station in a 10° X 2° grid box.
At least 1000 wind observations at the 200 mbar level were
required in either case. Altogether, 971 stations were selected
in this time period. Most were in the first category; all stations
in this category were used regardless of station density.

Rawinsonde analyses were constructed by mapping station
climatologies onto a 10° x 2° grid using Barnes’ algorithm
{Daley, 1991] with anisotropic weight function exp —r, where
r? = (xiL,)* + (¥/L,)*. The eccentricity of ellipse R, =
L./L, was determined for a particular variable f (= u, v, T)
by the ratio of rms latitudinal gradient to rms zonal gradient,
using uninitialized ECMWF climatological data as a guide,
such that 1 = R, = 5. The area of ellipse wL L, was held
constant, equal to that of a circle with radius 6° at the equator,
This value gave a reasonable compromise between analysis
coverage (requiring large radius) and small-scale structure (re-
quiring small radius). To compensate for station density, the
weight function at a particular station was reduced by a factor
equal to the number of adjacent stations within a normalized
distance r = 1. Two iterations were applied after the first
guess. The choice of weight function and other nuances are
unimportant for analysis near stations since the iteration is
guaranteed to converge to the station values at their respective
locations. Analysis between stations is more realistic with
anisotropic weighting, particularly for zonal wind and temper-
ature which have strong latitudinal gradients near jet streams.
This procedure gave good overall agreement with ECMWF
climatology, except for slightly smoother fields. In regions
where no stations were nearby, such that the sum of all weights
fell below some threshold, rawinsonde analysis values were
discarded. Latitude-height cross sections integrated over a
range of longitudes are therefore incomplete if analysis values
are “missing.” This problem is unavoidable in certain regions,
such as the eastern Pacific and southern midlatitudes, but does
not affect any of the conclusions in this paper.

Uninitialized ECMWF analyses on a 2.5° X 2.5° grid were
obtained as monthly means for 1985-1992 and averaged to
yield climatological fields for each level and month. Identical
mandatory levels were used except for 20 mbar which was
unavailable. Stratospheric analyses prior to June 1986 were
discarded for reasons expiained by Trenberth {1992]. Compar-
ison with climatologies derived from initialized ECMWF felds
for 1980-1989 showed good agreement, although the uninitial-
ized fields had slightly more variance at the smallest horizontal
scales.

When comparing rawinsonde and ECMWF climatological
analyses, recall that rawinsonde analyses were formed from
station climatologies, regardless of when a particular station
was in operation, whereas ECMWF climatologies were ob-
tained from twice-daily analyses using a subset of these stations
(and others) at any one time, together with other input data
such as aircraft reports, satellite radiances, and cloud winds.
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Because of possible trends in the data. as weil as differant
sampling times. observational input and analysis techniques,
exact agreement between rawinsonde and ECMWF climatolo-
gies should not be expected. For the purposes of this paper.
they agree well and may be used interchangeably.

3. Climatology: Northern Summer
3.1. Regions of Strong Meridional Flow

Figures 1 and 2 show the zonal and meridional components
of velocity at {50 mbar for July, derived from ECMWF anal-
yses for 1985-1992. In the summer hemisphere we notice two
concentrated positive v maxima over western North America
and eastern Mediterranean. Comparable values are attained in
June and August. In June, another positive maximum is lo-
cated off northwestern Africa. This feature is reduced by mid-
summer, as upper level easterlies encroach from the east. Neg-
ative values of meridional wind appear over eastern North
America and China, complementing the poleward flow. These
circulations are part of the Mexican and Asian summer mon-
soons, respectively, if the term “monsoon” can be used broadly
to include quasistationary waves adjacent to convectively active
regions. Closer inspection of Figure 2 indicates equatorward
flow east of the Caspian Sea and weak poleward flow over
western India. The latter occurs at the western edge of the
moist [ndian monsoon. As shown in section 3, this feature is
quite variable from year to year. Most of the poleward diver-
sion of mass occurs west of the Arabian peninsula, around a
secondary anticyclone west of the main Tibetan anticyclone (cf.
Plate III of Ramage [1971]). This concentrated maximum over
the eastern Mediterranean is a robust feature of the northern
summer circulation {Oorr, 1983, p. 121].

The zonal component at 150 mbar for July is shown in
Figure | from ECMWF data. Each of the positive v anomalies
in Figure 2 coincides with a local acceleration of the zonal
component u, including the anomaly north of India. Relatively
strong speeds are attained over the Caspian Sea (~25 ms™}),
although these values are weak compared to those of northern
winter or southern hemisphere. The overall weakness of north-
ern summer jets is important for isentropic mixing in the upper
troposphere as discussed in section 6.

The meridional component of velocity derived from rawin-
sondes in 1973-1993 (not shown) is very similar to that of
Figure 2. All of the features identified in Figure 2 are present.
The weak poleward flow north of India in Figure 2 appears as
a weakly negative local maximum. Strong positive anomalies
over western North America and eastern Mediterranean are
similar to those derived from ECMWF data. Examples of
station climatologies near v extrema of Figure 2 are shown in
Figures 3a-3e. Maximum poleward flow over the eastern Med-
iterranean exceeds 12 ms™' in summer. Stations in the vicinity
of this spatial maximum have their temporal maximum v at 150
mbar in June, July, or August. It is worth noting that the
tropical easterly jet attains its maximum value over southern
India at the 100 mbar level. The relatively high altitude of
upper tropospheric circulations induced by the Asian monsoon
suggests that Asia is the most important region for isentropic
mixing and S/T exchange in northern summer [Trepte et al.,
1993; Chen et al., 1994; Chen, 1993].

Of the stations shown in Figure 3, the largest stratospheric
meridional winds are observed at Ankara, typical of the east-
ern Mediterranean. Whether the observed values at other lo-
cations are significantly large depends on the context and rei-
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Figure 1. Zonal velocity at 150 mbar for July, derived from ECMWF data. Contour interval 5 ms ™!, with

easterlies shaded.

ative magnitude of u. Any of the local extrema of 70 mbar v
(approximately 1-3 ms™') are large compared to the zonally
averaged, seasonally varying diabatic circulation at this alti-
tude. They are also large compared to induced QBO circula-
tions in the tropical lower stratosphere. Over North America,
u and v are both smaller than over Asia, so the deflection of
wind from a purely zonal direction is comparable in the two
regions.

32.

Cross sections of zonal and meridional velocity from
ECMWF data, averaged over 16°-46°E, are shown in Figures
4a and 4b. Among the four regions of large v in Figure 2, this
sector and its complement over China dispiay the greatest
penetration of meridional motions into the summer lower
stratosphere. The region of maximum meridional flow at 150
mbar is slightly equatorward of the local jet maximum. The
meridional component terminates abruptly poleward of 45°N.
Most of the climatological northward motion at 150 mbar
simply provides mass to the accelerating jet stream. Conver-
gence of meridional velocity in this region (~4.5 X 107¢s™")
agrees well with the divergence of zonal current (~3.9 X 107°
s~Y). The jet is quite narrow and pushed well poleward of its
winter position; its maximum coincides with the tropopause
break in this sector. The zero-wind line meanders upward
through the region of largest meridional velocity before turn-
ing poleward in the lower stratosphere. We observe strong
easterlies over the northern tropics in upper troposphere, ex-
tending into the southern tropics (causing a semiannual oscil-

Asian and African Monsoons

lation, which will be discussed elsewhere). Weak surface west-
erlies appear north of the equator, separated from very weak
westerlies in summer midlatitudes.

The profile of meridional velocity (Figure 4b) should not be
confused with the Hadley circulation, although the southward
(northward) Hadley flow is evident at the equator in the upper
(lower) troposphere. The apparent meridional cell at 30°N 1s
actually a quasihorizontal rotational circulation, so this feature
must be compensated on the same pressure level by opposing
equatorward flow at some other longitude. According to Fig-
ure 2, the return flow at 150 mbar occurs in a broad region
from China eastward to the central Pacific. Much of it is con-
centrated over eastern China. Cross sections of ECMWF me-
ridional flow in this region indicate that maximum negative v is
located south of the jet core, with significant penetration into
the lower stratosphere (not shown). As in west Asia. the zero-
wind line is close to the latitude of maximum meridional ve-
locity. Southward flow at the equator is considerabiy stronger
in east Asia, approaching -7 ms™'. This agrees, for example,
with the climatology of v at Singapore. The jet core and tropo-
pause break are located at approximately the same latitude as
on the western side of the monsoon region. Temperature in the
interior of the troposphere has a local maximum at 30-40°N,
coincident with zero vertical shear as required by thermal wind
balance.

Cross sections of rawinsonde meridional velocity for 1973-
1993 are shown in Figures 5a and 3b for western and eastern
sides. respectively, of the Asian summer monsoon. Although
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with negative (southward) values shaded, zero contour heavy.

the data coverage at other latitudes is incomplete as noted in
section 2, our main conclusions from ECMWF data are con-
firmed, including the stratospheric penetration. A much longer
data record was used in Figure 5, providing a more stable
estimate of meridional motion in the summer lower strato-
sphere. It is only in these two regions that the climatological
meridional velocities at 70 mbar exceed =3 ms™'. Zonal vari-
ations of 70 mbar zonal wind are induced by the rotational
circulation at this level: for example, stronger tropical easter-
lies. are found south of India (-12 ms™'), compared to the
western hemisphere at this latitude (-6 ms™").

When averaged over the entire Asian monsoon region, the
meridional wind shown in Figure 6 is obtained (from ECMWF
data). This sector is sufficiently wide to encompass most of the
rotational circulation in upper troposphere, leaving a fairly
accurate picture of the eastern hemisphere’s divergent Hadley
circulation. Maximum divergent flow occurs in the 150-200
mbar layer, decaying more rapidly with height than the rota-
tional circulations that penetrate the lower stratosphere, Weak
meridional cells of reversed sign are visible on either side.

During early summer there is some meridional transport
over northwestern Africa (see Figure 3c) with a split zonal jet.
In the north Atlantic, jet entry and exit regions occur side-by-
side. ECMWF and rawinsonde v at 70-100 mbar are approx-
imately 1-2 ms™' but closer to the equator, as is the tropo-
pause break.

33. Mexican Monsoon

Horizontal circulations associated with the Mexican mon-
soon and quasistationary anticyclone over North America also

penetrate the lower stratosphere during northern summer.
ECMWF v at 70-100 mbar are approximately 1-2 ms™! on
both sides of the continent (not shown); similar values are
observed in rawinsonde data (see Figure 3d and 3e). South-
ward flow at 150 mbar prevails over eastern North America
and western Atlantic, but is smaller and less concentrated than
its poleward counterpart over western North America. Jet ve-
locities are considerably weaker than over Asia, so the relative
magnitude of v is about the same in both regions.

Streamlines of horizontal wind form nearly closed circula-
tions centered about the zero-wind line at 150 and 70 mbar, as
shown in Figures 7 and 8, respectively. The streamlines are
dispiayed in such a way as to approximate the streamfunction
in regions where the flow is horizontally nondivergent. At 150
mbar, streamlines gently spiral outward due to horizontal di-
vergence. In northern summer, one of these cells is centered
over northwestern Mexico, associated with the Mexican mon-
soon, and a pair of cells are located over Iran and Tibet,
associated with the Asian monsoon. Anticyclonic circulations
at 70 mbar are slightly poleward of those at 150 mbar, by about
8°-12°, consistent with a poleward displacement of zero-wind
line in the latitude height cross section (e.g., Figure 4a). Weak
convergence is evident in the anticyclones. Zonal variation of
tropical easterlies can also be seen.

4. Climatology: Southern Summer

Meridional velocity at 150 mbar in January is largely anti-
symmetric about the equator, as shown in Figure 10. This
situation contrasts with that of northern summer. The ten-
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Figure 3. Climatological profiles of zonal wind, meridional
wind, and temperature at rawinsonde stations during northern
summer (June or July): (a) Ankara (40.0°N, 32.9°E), (b)
Chengdu (30.7°N, 104.0°E), (c) Santa Cruz de Tenerife
(28.5°N, 16.3°W), (d) Nashville (36.1°N, 86.7°W), and (e) Oak-
land (37.8°N, 122.2°W). Data are displayed at mandatory pres-
sure levels only.
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dency of deep convection to overlap the equator in southern
summer. rather than being displaced well off the equator as in
northern summer, causes the different circulation response in
the two seasons. There are six potentially interesting regions of
large meridional transport in the southern summer hemi-
sphere. These are related to zonal vanations of the zonal
velocity component as shown in Figure 9. Rawinsonde analyses
agree welil, both with regard to the magnitude and location of
significant anomalies (not shown). The corresponding maps for
December and February are similar.

Cross sections were examined in each of the six regions. As
might be inferred from comparison of Figures 9 and 10, v
extrema are well removed from the jet maxima and tropopause
breaks, by as much as 25°-40° latitude, except for the “castern
Australia” sector. An example of transport by the Australian
monsoon circulation was discussed by Danielsen {1993]. Lower
stratospheric v are comparable to or less than that associated
with the Mexican monsoon in northern summer (not shown).
The rotational circulations are also of limited horizontal extent
compared to the massive Asian monsoon. Although some isen-
tropic mixing of the southern tropical lower stratosphere seems
possible in December, January, and February (DJF), signifi-
cant $/T exchange is less likely in this hemisphere and season
[Chen, 1995].

Upward penetration of v is slightly greater on the opposite
(winter) side of the equator. but zonal jets near 30°N are
considerably stronger and more concentrated than in summer
(Figure 9). According to Chen, S/T exchange in the upper
middle world is insignificant in either winter hemisphere, due
to the strong gradient of potential vorticity associated with
enhanced, concentrated zonal jets. Chen’s results and ours
highlight the importance of monsoon circulations and quasi-
stationary waves during northern summer as discussed in the
previous section.

5. Variability of Monthly Means

Monsoon circulations and quasistationary waves are not
identical to those of the climatology in any particular year
[Webster and Yang, 1992]. Interannual variations occur, some
of which may be attributabie to or interact with remote phe-
nomena such as the El Nifio/Southern Oscillation (ENSO) and
Eurasian snow cover [Nigam, 1994]. Nor are these circulations
steady for an entire season. Intraseasonal oscillations, mon-
soon breaks, and transient synoptic-scale disturbances cause
significant day-to-day variability. The role of eddies on shorter
timescales than seasonal is essential to isentropic mixing and
the potential vorticity balance of the upper troposphere (sec-
tion 6).

[t was noted in Section 3 that the maximum poleward flow
over the eastern Mediterranean occurs in each northern sum-
mer, while greater variability is observed north of India. Figure
11a shows the variability of ECMWF v at 150 mbar in July,
averaged over 20°-45°N. This band encompasses the centers of
maximum |v| over Asia and North America. In some years,
there is a secondary maximum v near 75°E (1986, 1987, 1989,
1991) while in other years, broad regions of positive and neg-
ative v occur adjacent to one another (1985, 1988, 1992). These
differences are attributable to intraseasonal as well as interan-
nual variability, since August monthly means sometimes differ
from those of July in the same year.

Variance of monthly mean v has several individual maxima
from Europe eastward to the Pacific, each with rms magnitude
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~4 ms™' (not shown). This is small compared to the climato-
logical extrema at 150 mbar, but large within regions of smaller
v, as in central Asia. We infer that climatological motions
dominate meridional transport near their extrema, but inter-
annual and intraseasonal variations are relatively important in
central Asia and elsewhere, attaining a magnitude comparable
to the climatology. Anomaly maps suggest that the variability
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Figure 3c. Santa Cruz de Tenerife (28.5°N, 16.3°W)

over central Asia is part of a well-defined teleconnection pat-
tern extending over this region with zonal wavelength ~50°-
60°.

Figure 11b shows the variability of monthly mean ECMWF
v at 70 mbar. Climatological extrema are apparent, and there
is evidence of the same variation over central Asia as in Figure
11a (e.g., 1989). The impression gained is that these variations
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from climatology decay more rapidly with height than the cli-
matological features, possibly due to their shorter zonal scale.

6. Discussion

The nearly closed anticyclonic circulations of northern sum-
mer may be likened to critical layer “cat’s-eyes” associated
with quasistationary Rossby waves encountering a zero-wind
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line in the upper troposphere and lower stratosphere. Signifi-
cant meridional parcel displacements occur in a developing
critical layer because disturbances with @ = ¢, by definition,
are stationary with respect to the fluid. Adiabatic mixing is
expected within a Rossby wave critical layer, particularly if the
isentropic potential vorticity (PV) gradient is weak. An example is
the stratospheric “surf zone” [Mclntyre and Palmer, 1984].
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Figure 4. Latitude height cross sections of ECMWF (a) zonal and (b) meridional velocity for Jﬁly, averaged
over 16°-46°E, from ECMWF data. Contour interval 3 ms™" in (a), 1 ms™! in (b), negative values shaded.

Although important for transport, climatological monsoon
circulations cannot cause isentropic mixing or /T exchange by
themselves. By definition, these circulations (including the re-
solved climatological PV, and conserved tracers advected by
the climatological flow) undergo a steady oscillation with the
seasonal cycle. Nonconservation of PV, either of coarse-
grained PV due to unresolved motions, or of exact PV due to
diabatic heating and molecular diffusion. is essential for irre-

versible mixing and S/T exchange. Transient eddies, even if
resolved by the data, are an unresolved part of the climatology.

Three classes of transient large-scale motion are potentially
important to augment the mean transport illustrated in this
paper, leading to irreversible mixing and S/T exchange. (1)
Fluctuations in the intensity of quasistationary monsoon circu-
lations, along with slowly moving intraseasonal oscillations,
stationary orographic waves and low-frequency variability will
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contribute to parcel dispersion in the vicinity of climatological
anticyclones that straddle the zero-wind line. The role of large-
scale circulations was emphasized in the companion paper by
Chen as the primary means of S/T exchange in northern sum-
mer. (2) Eastward propagating baroclinic waves originating
poleward of the jet axis have critical layers in the range 5-10
ms~' and may contribute to mixing equatorward or poleward
of the jet maximunf?, It is interesting to note that in the case of
a weak jet, the critical level of eastward propagating distur-

-L<y§”;?
30

N

LATITUCE

Cross sections of rawinsonde meridional velocity for July, averaged over (a) 15°-45°E; (b) 95°-

bances crosses the tropopause break. This is unlikely for sta-
tionary waves, since the zero-wind line crosses the tropical
tropopause before turning poleward. Critical layers neverthe-
less have finite width, so mixing caused by stationary as well as
eastward propagating waves may be enhanced in the tropo-
pause break in relatively weak zonal flow. Baroclinic systems
contribute to S/T exchange in the lower middle world [Chen,
1995], where 8-surfaces descend beneath the jet maximum. (3)
Westward propagating disturbances of tropical origin are im-
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Figure 6. Cross section of ECMWF meridional velocity for July, averaged over 16°~121°E. Contour interval

1 ms~!.

portant equatorward of the jet maximum, being responsible for
daily fluctuations of tropical motions, cloudiness, or precipita-
tion, and contributing to isentropic and diapycnal mixing
within the tropics. Of the three classes, these waves seem least
likely to be involved in S/T exchange in the upper middle
world. Tropical waves penetrating the lower stratosphere may
contribute to isentropic mixing as observed within the first few
weeks following major eruptions of tropical volcanoes.

A schematic illustration of transport in the vicinity of the jet
axis and tropopause break is shown in Figure 12, representing
the western side of the monsoon region. The situation por-
trayed is typical of northern summer, with large meridional
velocities near the jet core. For the eastern side of the mon-
soon, the sign of mean meridional velocity (large arrow at
30°N) should be reversed. The zonal wind, tropopause, isen-
tropic slopes, and Hadley cell are typical of the entire Asian
monsoon region (16°E-~121°E, July). In the upper troposphere,
mean meridional motions associated with rotational circula-
tions transport air into (out of) the jet stream on the western
(eastern) side. Isentropic mixing is attributable to eddies with
critical layers above, beside, or below the jet maximum. Mixing is
enhanced in a relatively weak jet, when PV gradients are smail
(ineffective barrier) and critical layers relatively wide. Significant
S/T exchange is possible across the tropopause break. By contrast,
a strong jet suppresses mixing across its center due to the effective
PV barrier [Chen, 1995} and discourages critical layer mixing for
quasistationary or eastward propagating disturbances having
zonal phase speeds in the observed range.

Apart from radiative heating, irreversible transport across
6-surfaces is attributable to small-scale motions such as break-
ing gravity or inertia—gravity waves, Kelvin-Helmholtz insta-
bilities, and latent heat release in deep moist convection. These
processes act on timescales that are rapid compared to tran-
sient large-scale motions. Radiative heating operates on a

comparable timescale and has been implicated in $/T exchange
[Lamarque and Hess, 1994).

7. Conclusion

Twenty-one years of rawinsonde data were used together
with 8 years of uninitialized ECMWF analyses to describe the
climatological structure of large-scale circulations adjacent to
monsoon regions in northern and southern hemisphere sum-
mers. In the upper troposphere and lower stratosphere, equa-
torward and poleward motions occur on the eastern and west-
ern sides of monsoon regions, respectively. It was shown that
significant meridional velocities (>1 ms™") penetrate the lower
stratosphere up 10 a2 maximum height of 50-30 mbar. Largest
meridional velocities are observed in connection with the
Asian monsoon in northern summer. Although evanescent in
height, these motions are relatively important for horizontal
transport of constituents in the summer lower stratosphere.
when planetary waves are otherwise small. The role of monsoon
circulations in the poleward dispersal of tropical volcanic aerosol
in the lower stratosphere was noted by Trepte et al. [1993).

Asian and Mexican monsoons in this season are displaced
sufficiently far from the equator, in close proximity to the
tropopause break, to have a significant role in stratosphere-
troposphere (§/T) exchange. The companion paper by Chen
[1995] provides evidence of irreversible S/T exchange in the
“upper middle world” during northern summer.

Climatological circulations are expected to play a major role
in lower stratospheric transport in all seasons and S/T ex-
change in northern summer. Irreversible mixing is attributable
to eddies and (ultimately) nonconservation of potential vortic-
ity. Considerably more work must be done to interpret isen-
tropic mixing and S/T exchange, as well as their seasonal and
interannual variability. Calculations such as those of Hoerling et
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Figure 8. As in Figure 7, but at 70 mbar.
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Figure 10. ECMWTF meridional velocity at 150 mbar as in Figure 1, but for January.
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al. {1993] have helped to quantify S/T exchange in extratropical
latitudes. Further study of large-scale adiabatic processes that
lead to $/T exchange would be valuable.

As noted by Chen [1995], S/T exchange associated with
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Asian and Mexican monsoons is a wo-way process, with trac-
ers entering the extratropical stratosphere from the upper
tropical troposphere and vice versa. The ultimate fate of trac-
ers entering the lower stratosphere, to be sure, is also affected
by diabatic descent at higher latitudes. Thus it is unclear
whether monsoon transport is very important for the injection
of CFCs and chemistry of the ozone layer. This transport
seems more important in the vicinity of the tropopause: a
region coming under scrutiny for possibie effects of supersonic
and subsonic aviation on stratospheric chemistry. The resi-
dence time of trace constituents and pollutants in the lower
stratosphere is determined by transport processes [Douglass et
al., 1991] which are poorty understood or difficult to quantify.
Hydration of the stratospheric middle world is apparently pos-
sible due to 5/T exchange in midlatitudes (A. E. Dessler et al.,
Mechanisms controlling water vapor in the iower stratosphere:
A tale of two stratospheres, submitted to Journal of Geophysi-
cal Research. 1995). Transport of dehydrated stratospheric air
into the tropical upper troposphere may prove important to
the radiative balance of this region and terrestrial climate.

Of interest to this paper is the Rossby wave excitation and
propagation associated with monsoon circulations. The sum-
mer stratosphere is relatively undisturbed because quasista-
tionary Rossby waves require westerlies for vertical propaga-
tion [Charney and Drazin, 1961]. Rotational monsoon
circulations and midlatitude anticyclones in summer are there-
fore unable to significantly influence the stratosphere above
~25 km. The magnitude of evanescent meridional motion in
the lower stratosphere is nevertheless large compared to the
diabatic circulation in this region. Although such motion is
essentially rotational and therefore vanishes identically in the
zonal mean, its local effect on constituent transport is relatively
important within the summer hemisphere, as observations of
volcanic aerosol [Trepee er al., 1993] and semi-Lagrangian calcu-
ladons of isentropic muxing [Chen et al., 1994; Chen, 1995] attest.

These observations invite further theoretical study of mon-
soon circulations and Rossby wave propagation. The role of
combined latitudinal and vertical shear in Rossby wave critical
layer dynamics and the nonlinear advection of angular momen-
tum and PV caused by rotational and divergent circulations
must be taken into account in order to understand the re-
sponse in the upper troposphere and lower stratosphere. Non-
linear dynamics is likely to be important for the evolution of
secondary vortices, such as that over the Arabian peninsula in
northern summer. This feature is responsible for the extreme
values of meridional velocity over the eastern Mediterranean.
According to Figure 7 of Ting [1994], the linear response to
diabatic heating explains the overall structure of Asian mon-
soon circulation in the upper troposphere, but stationary non-
linearity has a significant effect in certain regions, such as
central Asia. Monsoon circulations over Mexico during north-
ern summer and over South America, Africa, and Australia
during southern summer illustrate flow patterns associated
with more localized distributions of diabatic heating, in con-
trast to those associated with the massive Asian monsoon and
zonally elongated intertropical convergence zones.
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Eastward propagating ~2- to 15-day equatorial convection
and its relation to the tropical intraseasonal oscillation

Timothy J. Dunkerton and Francis X. Crum

Northwest Research Associates, Bellevue, Washington

Abstract. Anomalies of outgoing longwave radiation (OLR) in 1980-1989 were examined
in a narrow laatude band about the equator to elucidate the propagation and interaction
of tropical intraseasonal oscillations (TIOs) and synoptic-scale convective acuvity.
Hovmeller diagrams of OLR dara reconstructed from rwo frequency bands (corresponding
to periods of ~30-60 days and ~2-13 days, respectively) revealed a clear distinction
between the phase speed of eastward moving TIOs (3-7 m s™') and that of eastward
synoptic-scale convection (10-13 m s~!). Coherent propagation of TIOs from the Indian
to the western Pacific Oceans was often observed with temporary diminution of amplitude
over the maritime continent. Propagation of high-frequency anomalies was generally
confined to an individual basin. Dominance of eastward propagating synoptic-scale
convection in the equatorial zone contrasts sharply with the westward propagation of off-
equatorial convergence zones. Interaction berween the TIO and high-frequency activity
resolved by daily OLR was visible as a modest enhancement of eastward synoptic-scale
eveants (and of high-frequency activity in general) during the convectively active phase of

the TIO.

1. Introduction

The tropical intraseasonal oscillation (TIO) is an important
source of variability in the Earth’s atmosphere. Since its dis-
covery by Madden and Julian {1971, 1972] and a related obser-
vation of slow Keivin waves at 100 mbar by Parker {1973], this
phenomenon has received considerable attention. Intrasea-
sonal (~30- to 60-day) oscillations were found in various data
sets, including rawinsonde zonal wind, outgoing longwave ra-
diation (OLR), analyzed velocity potential, and stream func-
ton {e.g.. Madden and Julian, 1971; Weickmann, 1983; Lau and
Chan, 1985; Knutson and Weickmann, 1987). Eastward propa-
gating circulation anomalies are apparentty coupled to regions
of eastward propagating equatorial convection {Rui and Wang,
1990). Convection anomalies arttain largest amplitude over the
Indian and western Pacific Oceans. Circulation anomalies ex-
tend farther east, possibly all around the equator [Knutson and
Weickmann, 1987, Hendon and Salby, 1994]. There are dem-
onstrated or postulated refationships between the TIO and
monsoons {Hendon and Liebmann, 1990], tropicai cyclones
{Liebmann et al., 1994}, E! Nifio/Southern Oscillation (ENSO)
{Lau and Lim, 1986], and extrawopical latitudes [Liebmann
and Hartmann, 1984; Lau and Phillips, 1986]. Observational
aspects of the TIO were recently reviewed by Madden and
Julian {1994}

All of this literature may lead us to suppose that the TIO is
a prominent feature in observations of tropical convection in
the eastern hemisphere. [n fact, the TIO is not obvious without
temporal filtering of the data. Its discovery, after all, is rela-
tively recent in the history of tropical meteorology. In unfil-
tered data the TIO is obscured by convection on shorter spatial
and temporal scales. Figure 1 displays a 10-year record of
near-equatorial daily QLR for 19801989 (low OLR only), on

Copyright 1995 by the American Geophysical Union.
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which our remaining discussion is based. Considerabie evi-
dence of eastward propagating convection is seen at ail longi-
tudes, but this activity occurs on timescales much shorter than
intraseasonal. As will be shown later, the phase speed of high-
frequency activity is distinct from that of the TIO. That zonai
propagation of convection resolved by daily OLR is mainly
eastward near the equator contrasts sharpiy with off-equatonal
convergence zones, where propagation of synoptic-scale con-
vection is westward owing to tropical depression disturbancss
and Rossby-gravity waves [Lau and Lau, 1990, 1992; Hendon
and Liebmann, 1991; Takayabu and Nitta, 1993; Dunkerton and
Baldwin, 1994).

Upon closer examination, broad clumps of enhanced con-
vection appear in Figure 1, such as around April 1980. Apatl
1982, and January 1988, also propagating eastward but at a
slower rate than the high-frequency activity. With appropriate
time filtering, these events prove to be quite common but are
somewhat variable from vear to year. They cortespoad 10 the
convectively active phase of the TIO.

The TIO’s convection does not consist of a single huge cloud
cluster. [nstead, several smaller clusters are embedded within
the convectively active phase of the TIO [Nakazawa, 1983]. On
the synoptic scale, many of these equatornal clusters propagate
eastward at a rate similar to that of propagating clusters during
the inactive phase of T1O. The term “‘supercluster” (or super-
cloud cluster) has been applied to clusters having horizontal
scales of 2000-4000 km and timescales, broadly speaking, of
the order of ~2-15 days [Hayashi and Sumi, 1986; Nakazawa,
1988; Lau er al., 1991; Sui and Lau, 1992]. Superclusters are
thought to be networks of mesoscale convective compiexes that
are so gregarious as o become spatially and temporally inter-
connected {Mapes and Houze, 1993]. They are one of perhaps
several forms of synoptic-scale cloud organization in the trop-
ics. Analogous to the T1O. synoptic-scale activity forms a spa-
tial-temporal envelope for rapidly evolving mesoscale cloud
ctusters, many of which propagate westward (Nakazawa. 1988:
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data (1975-1983 excluding 1978). documenting the behavior of
low- and high-frequency convection without discussing in de-
tail the morphology of these disturbances and their relation-
ship. Our analysis extends these studies using 10 years of OLR
data beginning in 1980. We show Hovmoiler diagrams of OLR
data reconstructed from the respective frequency bands (cor-
responding to periods of ~30-60 and ~2-15 days) to elucidate
their episodic behavior and relationship in physical space. By
examining eastward and westward propagating components of
daily OLR separately, a spectrum of phase speeds is obtained
for synoptic-scale convection events during this time period.
For eastward propagating disturbances, the spectrum is sharply
peaked at 10-13 ms™".

2. Data Analysis

We used daily OLR data for 1980-1989 on a 2.5° x 2.5°
latitude-longitude grid. To focus clearly on the latitudes of
eastward propagating convection and to avoid regions of west-
ward propagating activity in off-equatonal convergence zones,
OLR data were averaged from 2.5°S to 2.5°N. Discussion is
therefore limited to the zonal component of propagation along
the equator, although it is recognized from Madden and Julian
{1994} that a meridional component of propagation is some-
times observed. For OLR spectra (but not Hovméiler dia-
grams), the annuai cycle was removed by calculating the mean
and first three harmonics of the 10-year average annual cycle
and subtracting them from the total field. Statistical signifi-
cance of peaks was assessed by computing red noise spectra
from the data following Gilman er al. [1963] and considering
the signal-to-noise background power ratio as a chi-square
random variable with 2M degrees of freedom, where M is the
number of points in the periodgram smoother. Two temporal
filters were designed to separate low- and high-frequency vari-
ability associated with TIO and synoptic scales, respectively.

On the high-frequency end. spectra of daily OLR are limited
to periods greater than 2 days. There is no meteorologically
significant reason to exclude the shorter periods characteristic
of mesoscale convection., but only the envelope of mesoscale
actvity is described by daily OLR. For our purpose, OLR is
useful because the planetary- and synoptic-scaie organization
of convection is revealed. [t should be kept in mind that “high-
frequency OLR” here refers to disturbances in daily OLR
obtained from polar-orbiting satellites, with a minimum resolv-
able period of 2 days.

3. Results
3.1. OLR Spectra

Average spectra of near-equatorial OLR in longitude sec-
tors representing the [ndian and westen Pacific Oceans are
shown in Figures 2a and 2b, respectively. The combined spec-
trum of both regions, including the maritime continent lying in
between, is shown in Figure 2c. The OLR spectra are generally
featureless except for a TIO peak near 40 days, a dip in the
spectrum near 15 days, and broad power extending down 10 at
least 3 days. The TIO is relatively more important over the
Indian Ocean. This region has a shallow minimum near 15 days
and broad ledge of power from 3 to 13 days. Over the western
Pacific the TIO peak is again evident but weaker. A minimum
near 13 days is not sesn except with respect to the red noise
curves. It is unclear where to divide the western Pacific spec-
trum, but this is not crucial to our analysis. Several sharp peaks
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Figure 2. Frequency spectra of near-equatoriai OLR over
(a) Indian Ocean (60°-97.5°E); (b) western Pacific Ocean
(135°-16235°E); and (c) combination of bath regions, including
maritime continent (60°-162.5°E). Red noise spectra are
shown together with 95% confidence leve! (dashed lines). Note
that spectra are weighted by frequency and plotted as a func-
tion of log frequency.

emerge at 5-10 days. Spectra at individual longitudes have
peaks like these extending above the red noise curves. similar
over a narrow band of longitudes (~15°). Some of these peaks
may represent important phenomena at particular longitudes,
but this is unciear. Rather than trying to explain individual
peaks below 15 days, we incorporate them simultaneously into
a broad high-frequency band.

On the basis of average spectra shown in Figure 2, temporal
filters were used to separate intraseasonal variability from con-
vective activity on ~2- to 15-day timescales. A band-pass filter
was designed to capture intraseasonal variance with half-power
points at 30 and 60 days. High-frequency variations were ob-
tained from a high-pass filter with half-power point at 15 days.
There was essentially no overlap in the response of the two
filters.

3.2. Filtered Data

Figure 3 shows a Hovméller diagram of ~30- to 60-day
band-passed anomalies. Eastward propagating anomalies are
now obvious (unlike in Figure 1), mainly over the Indian and
western Pacific Oceans, with phase speeds of 3~7 m s™". A
typical phase speed is 360° per 90 days (~5 m s™'), which
would correspond to a wavenumber 2 disturbance if the con-



25.784 DUNKERTON AND CRUM: EASTWARD PROPAGATING EQUATORIAL CONVECTION

198032 1982-34 1985-37 1987-39
wNTTS r R JAN Tyt P ey o)
N N NG I P
Y o) R e 2 | S
APRia APR'%%?Q, & ocTH .6\'@ ¢

% O'Q OCT-.@l@.
% 3 'Q@tm 0

¥ Q ' 'DO [
suct § & Jma'@sQoo
@ , [ LIV |
o el ‘ ©®
g 1]
“ ]
ocTt {1 APRM{ QQ 0 a0 o

) ‘
JAN""'@O‘"V ........ .@.‘ JULF @ ﬂ

y @ s 0
etg 079 6)@30 Y ¢
gmajaQOQ ' ¢ { ocrr,' @ ‘
I%' .C J
w0 0’(0 g °C .
Juct 9 4 UANbeennn- e

oCTt 1 1 APR

1 ()' Ql
JAN.-... ........... @--q JUL-
o; o

00
Pt e

I@u

4 o) (W)
| ]
Q@
Jul My Q@ ﬁ% er ....... % ...........

ocTh 0.".0.5 aer} @@1

JAND'---%“-‘ ...... 0.‘... JULF ' Qq L]
ﬂl
J 0 .
APR} @ % 1.4 octt d @0 .
3'% 0 4
JuLk, JAN P dmc ccomrenenanns -
(W) & 9

] vy
oCTr ‘U.‘ {1 APRF

JANE--- u'Q‘ ..... R g1 st %690 :a
(@ . o .Q@ﬁc) :

* I 0
_ . )0 g ) Q
A ) L i g i
APR q 1 ocT @ ] { APR CQ\ ocT 3
) " g ! - Q@ @ oan
[ 4 X Q
. \ 0 @ 'OC, @
DV . Y o ‘ AN 9 Q
. b 4
Q\_ - X T 4@ N 1 N Y
0 60E120E 180 120Ww60W O 0 60E 120€180120W60W 0O 0 60E 120€180120W60wW 0 G 6SOE120E180120w6Q0W Q
langitude langitude langitude longitude

Figure 3. Near-equatorial anomalously low OLR in the tropical intraseasonal oscillation (T1O) frequency
band (~30-60 days). Contour interval is 10 W m ™2, beginning at ~10 W m 2.

vective anomaly were to propagate ail the way around the
equator. The zonal width of coherent negative anomaljes, in-
dicative of the convectively active regions, is typically 40°-50°.
Zonal extent of the active phase is smaller than what one might
infer from a space-time spectrum of OLR, which is dominated
by planetary wavenumbers. The distance traversed by the ac-
dve region in a lifecycle is larger, typically 60°-150°. Ampli-

tudes weaken over the maritime continent, but stronger TIOs
seem coherent between the two ocean basins. Such events
reappear in the western Pacific soon after their apparent ter-
mination in the eastern [ndian Ocean.

TIO events are more prominent over the Indian Ocean, as
suggested by the spectra. Their eastward propagation is appar-
ent within this region, more so than in the western Pacific.
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Events in the western Pacific sometimes propagate 2astward
with equal clarity but often appear as 1 “blob” following an
event in the [ndian Ocean (e.g. the sequence in 1989). On a
few occasions., westward propagation is observed. The uming
of events in the western Pacific Ocean opposes the idea of a
seesaw of convection berween the {ndian and western Pacific
Oceans, because events in the western Pacific occur prior to
the minimum of activity in the [ndian Ocean. [ntraseasonal
variability of OLR is best interpreted in terms of coherent
propagation from one ocean basin to the other, with amplitude
temporarily diminished over the mantime continent.

There is large annual and interannuai variation of the T1O.
Anomalies are often strongest and most coherently propagat-
ing during the northern winter and spring, but weaker and/or
less coherently propagating in the summer and fall. This is not
true in every vear: the annual vanability is compiex, as de-
scribed by Madden [1986]. Results of Hendon and Liebmann
(1994] suggest opposite seasonal variations of the TIO in con-
vergence zoaes north and south of the equator [see Madden
and Julian, 1994, and references therein]. Effects of the 1982~
1983 and 1986-1987 ENSO events are apparent as an eastward
shift of TIO convection closer to, but not east of, the dateline.
As discussed in section 3.4, TIO events east of the datelinz in
early 1983 may be defined in terms of the ~30- to 60-day
amplitude envelope of high-frequency convection, rather than
of the ~30- to 60-day convection itself.

High-irequency (~2- to l5-day) anomalies are shown in
Figure 4. Eastward propagating features over the [ndian and
western Pacific Oceans are obvious throughout the record.
along with less frequent episodes of westward propagation
(e.g., mid-1983). Eastward phase speeds are ~10-13 m s~ ",
faster than those of the TIO. Because of their faster propaga-
tion, only a few high-frequency events extend through an entire
life cycle of the TIO. More commonly, an event in one phase
of the TIO over the Indian Ocean terminates and is replaced
by a new event in the western Pacific when the TIO arrives
there. The zonal width of coherent negative anomaties is 15°-
40°, considerably less than the distance traversed in a typical
sequence of events (40°-130°). A similar ampiitude gap is ap-
parent over the maritime continent with coherent propagation
on either side. Eastward propagating synoptic-scaie clusters
are occasionally seen over the equatorial Atlantc Ocean and
Africa, where the convective TIO is relatively weak or absent.

As in the TIO band, annual variability of high-frequency
convection is complex. More coherent behavior is suggested in
the first half of the calendar year (March-July, in most of the
years), but exceptions are found (as in October 1987). Inter-
annual variability is strongly influenced by the o ENSO
events during which anomalies have significant amplitude and
coherent propagation east of the dateline.

By “coherent propagation” of high-frequency activity we are
referring (o the tendency of eastward propagating negative
OLR anomalies to occur in colinear fashion along a linex — ¢t
= const, where the phase speed ¢ at the equator has a positive
bias for synoptic-scale convection. These events are seldom
defined by a single continuous cluster, since on closer inspec-
tion, propagating clusters are usuaily broken into segments
along such a line. The daily OLR data, in any case, do not
resolve fine structure such as mesoscale convective complexes
and individual clouds. A simple mathemarical transform intro-
duced in the next subsection easily identifies coherently prop-
agating groups of synoptic-scale cloud clusters.

The predominance of eastward over westward convection

was clearly seen in the space-time specirum ot neuar-equatonal
OLR (not shown). Acuvity in the TIO trequency band com-
prises mainly iow zonal wavenumbers l-n, while the mgh-
frequency band confains significant power ar wavenumoers
2-10, centered in a range of phase speeds 10-22 ms™'. It s
important t0 note that for near-equatorial OLR. castward
propagating activity is much larger than westward propagatng
actvity, not only in the TIO band but at higher trequencies as
well, consistent with the fine structure displayed in Figures 1
and 4. This statement does not apply 10 mesoscale convection
unresoived by daily OLR. for which westward propagation s
considerably more important.

33. Egquatorial Convection Events

To investigate the episodic nature of high-frequency convec-
tion events, a simple transform was applied to the ~2- 10
13-day near-equatorial OLR:

AR
Flx,t,¢) EJ flx —ct’, e’y dr’

=3

where At = Ax/c and Ax is the half width of a longitude
sector. For the two ocean basins of interest, we set x = 90°E
or 150°E, and Ax = 30°. This transform was actually appiied
to a subset of OLR data reconstructed from the eastward (or
westward) propagating components of the space-time spec-
trum with periods beiow 15 days. [solation of the eastward
component is justifiable because of its dominance over the
westward component and from our observation (based on the
space-time spectrum) that the standing componeat of near-
equatorial OLR is small. Over the oceans the eastward and
westward components of OLR correspond mainly to propagat-
ing events, rather than standing oscillations of convection. This
is not to deny the existence of standing oscillations over land or
local flare-ups of convection that inevitably occur at various
times and places. Westward events can be found in Figure 1
but are relatively small. and large events are rare.

Figures 5a. 5b, and 5c show the raw OLR data (low OLR
only), ~2- to 15-day filtered darta. and eastward ~2- 1o 13-day
darta, respectively, for a 90-day segment early in the record.
Westward ~2- to 15-day darta for the same time period are
shown in Figure 5d. Supenimposed are the active phases of
~30- to 60-day TIO signal (shading) and dominant phase
speeds for individual high-frequency events (thick sioping
lines). These zvents were defined in the convectively active
period by searching for periods of large negative OLR anomaly
along a line x — ¢z = const: a dominant phase speed ¢ was
then selected from within the range =1-30 m s™'. There were
a few cases where multiple phase speeds occurred simulta-
neously; for simplicity, only one value of ¢ from each 3-day
interval was retained in the analysis. After sxploring various
thresholds, a minimum value of 300 W m™? was selected for
the integrated amplitude of each event, corresponding to an
average grid point OLR anomaly of =12 W m ™% This thresh-
old captured most of the propagating events visible in the data
but was large enough to avoid random alignments of insignif-
icant clusters.

The phase speed transform provides a useful phenomeno-
logical description of the propagation of high-frequency clus-
ters, including events lying off-center to one side or the other
of 90°E or 150°E. As seen in Figure 5b. there is considerable
variation of OLR along the cluster track. much of which is
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eliminated when plotting eastward data (Figure sc). Propagat-
ing clusters are usually large ¢nough to be visible in the raw
data (Figure 5a) but are obscured by TIO events and climato-
logical convection.

The time period chosen for display in Figure 3 contains an
interesting variety of behavior, including a well-defined TIO
event with weak high-frequency evens (first half) and a weak

TIO with strong and unusually coherent eastward high-
frequency events (second haif), Many events satisfied our min-
imum amplitude criterion: Altogether, the 10-year OLR
record gave 324 eastward events in the Indian Ocean and 312
eastward events in the western Pacific Ocean, of which only
about 49 could be described as f€asonably coherent berween
the two oceans. Thus the majority of high-frequenq: evenrts did
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not span an entire region, nor did they cross the maritime
continent. Westward events were slightly less aumerous and
generally much smaller.

The cumulative ampiitude of OLR events as a function of
phase speed is shown in Figures 6a and 6b for the Indian and
western Pacific Oceans, respectively. Strictly speaking, this is a
spectrum of finite amplitude events (with unique phase speed
assigned to sach event), not a spectrum of phase speeds ob-
tained from the continuous space-time spectrum, although the
wo would agree qualitativeiy since most of the high-frequency

OLR power lay in the range 10-22 m s~ ' as noted earlier. The
eastward component in Figure 6 has a much larger amplitude,
particularly over the Indian Ocean. with most events in the
range 5-20 m s~ " and a sharp peak at 10-13 m s~ ". Evidently,
the phase speed transform is biased toward the low end of
dominant phase speeds suggested by the space-time spectruml.
The westward component maximizes at a smaller absolute
speed of about =8 m s~'. The shaded area of the histogram
refers to the active phase of the TIO. as discussed in the next
subsection. The minimum phase spesd resolved by hgh-
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b

Figure 6. Histogram of event amplitudes (integrated over longitude, in units of watts per square meter; see
text for explanation) as a function of dominant phase speed ¢ (in meters per second) for (a) Indian Ocean and
(b) western Pacific Ocean. Shading refers to active phase of the TIO.

frequency OLR is that corresponding to a wavelength of 5°~30°
and a period of 15 days, or 0.4-2.4 m s™', well below the
observed falloff of amplitude in Figure 6.

The seasonal variation in each basin is shown in Figure 7 for
eastward and westward events; the dominance of castward
over westward propagation is again seen. High-frequency ac-
tivity is largest in northern spring-summer, with a hint of semi-
annual variation (from western Pacific). [nterestingly, this sea-
son contains the majority of easterly and westerly quasi-
biennial oscillation (QBO) phase onsets in the equatorial
lower stratosphere [Dunkerron, 1990]. Also, Maruyama [1991]
found enhanced 70-mbar Kelvin-wave activity in northern
hemisphere spring. Kelvin waves in the lower stratosphere are
responsible, in part, for the westerly acceleration phase of the
QBO. These waves are thought to have planetary scales and
phase speeds of 20-30 m s™' (Wallace and Kousky, 1968),
longer and faster than the synoptic-scale convective activity
described here. Whether stratospheric Kelvin waves originate
in these eastward propagating equatorial convection events is
unclear. The two could not remain in phase for very long
because of the mismatch in propagation speed. Nonnegligibie
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month for eastward (solid) and westward (dashed) events.

power exists in equatorial OLR, however, at wavenumbers and
frequencies characteristic of Kelvin waves in the stratosphere.

Gravity waves excited within the envelope of convective ac-
tivity may also transmit the seasonal variation of equatorial
convection to the stratospheric QBO. Although such waves
would have a wide range of positive and negative phase speeds.
selective filtering in descending QBO shear zones would pro-
duce a net body force and help account for the required QBO
acceleration [Pfister er al., 1993). The level of gravity-wave
activity relevant to the QBO would of course be determined by
convection at all longitudes, in addition to events comprising
Figure 7. We observe from Figure 1 that equatorial convection
in the western hemisphere also maximizes around northern
spring equinox [Mirchell and Wallace, 1992).

3.4. Relation to the TIO

The relation between high-frequency (~2- 1o 15-day) anom-
alies and {~30- to 60-day) TIOs is now examined to determine
if strong high-frequency events cluster during periods of strong
low-frequency activity. There is no mathematical reason why
this need be so. If different parts of the frequency spectrum are
noninteracting, episodes of high- and low-frequency convec-
tion would be uncorrelated. To address this question, wo
methods were employed.

First, each high-frequency event defined in the preceding
subsection was split into active and inactive TIO categories by
summing amplitudes in the two phases of T1O separately. This
was done by integrating along the line of dominant phase
speed in each high-frequency event. Such a line would gener-
ally intersect regions of positive and negative TIO anomaly.
The assignment of negative and positive ~30- to 60-day OLR
anomalies to the active and inactive phases, respectively, of
TIO is arbitrary, but each has a roughly equal probability of
occurrence in the time series at any grid point. From Figure 4
it seems that no obvious relation exists between the high-
frequency events and TIO anomalies, and Figure 3 provides a
good example of noninteraction. However, a hint of scale in-
teraction is evident when the entire data are examined. The
shaded region of Figure 6 corresponds to the convectively
active phase of the TIO, which explains ~60% of the eastward
event amplitudes. This would implv enhancement of 2astward
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high-frequency events by no more than 30% in the active phase
of TIOQ, a result comparable 0 that inferred by Hendon and
Liebmann {1994] for synoptic-scaie convection dunng “win-
dowed" time series corresponding to the most significant epi-
sodes of the TIO. Some of our best events fail outside the
active phase of the ~30- to 60-day TIO, so this result is not
surprising.

Second, the ~30- to 60-day envelope of ~2- to 15-day OLR
variance was calculated by applying the T1O band-pass filter to
the absolute value of high-frequency activiry. Resuits of this
calculation were quite noisy, but demonstrated on many occa-
sions a good correspondence berween the envelope of high-
frequency and band-passed TIO. A nonzerc correiation must
exist, if for no other reason than that inactive periods of TIO
are sometimes devoid of convection. so that high- and [ow-
frequency activity are both suppressed. However, we also ob-
serve a slight enhancement of high-frequency activity during
the active phase of TIO.

An intriguing observation is that the ~30- to 60-day enve-
lope of high-frequency actvity sometimes suggests eastward
group propagation at a speed equal to that of the TIO itself,
even though the “linear TIO” (defined by the ~30- to 60-day
component of convection) is entirely absent, as in the sastern
Pacific during early 1983. There is evidently some process that
causes ¢astward group propagation of high-frequency activity
that does not require a ~30- to 60-day OLR signai to exist.

On the other hand, the ~30- to 60-day OLR signal does not
require high-frequency activity on synoptic scales as resolved
by daily OLR (Figure 4). It is therefore unnecessary to suppose
that synoptic-scaie activity or superctusters are essential to the
T1O. The role of superclusters in the cloud hierarchy suggested
by Nakazawa [1988], while relevant in some TIO events, is not
relevant t0 all, nor is the castward propagaton of synoptic-
scale acrivity confined to the active phase of the TIO.

Modulation of convection at shorter spatial and temporal
scales is nevertheless an important and perhaps <¢ssential fea-
ture of the T1O. Cloud imagery shows that the envelope of
mesoscale convection is strongly enhanced during the active
phase of the TIO [Hendon and Liebmann, 1994]. This effect
might appear in daily OLR, unrealistically, as a large contigu-
ous region of convection not punctuated by synoptic-scale ac-
tiviry.

Our observations and those of Nakazawa (1988} and Hendon
and Liebmann [1994] suggest an alternative definition of the
convective TIO, consisting of groups of enhanced synoptic-
scale and/or mesoscale convection, with individual elements in
each group propagating castward or westward zalong the squa-
tor. The ~30- to 60-day OLR signal mainiy represents an
ensemble of convection on shorter spatial and temporal scales.
Whether the group propagation of wave packets in off-
equatorial convergence zones similarly corresponds to the
eastward propagation of low-frequency convection in these
regions, as conjectured by Liebmann and Hendon {1990}, re-
mains to be seen.

4. Conclusions

Anomalies of outgoing longwave radiation (OLR) in 1980~
1989 were sxamined in a narrow latitude band about the equa-
tor to elucidate the propagation and interaction of tropical
intraseasonal oscillations (TIOs) and synoptic-scale convective
activity. The latter includes superciusters, which were previ-
ously thought 0 plav an important role in the TI{O.

DUNKERTON AND CRUM: EASTWARD PROPAGATING EQUATORIAL CONVECTION 5.7%9

Hovmoiler diagrams of OLR data reconstructed from two
frequency bands (corresponding to periods of ~30-60 and
~2-13 days, respecrively) revealed a clear distinction berween
the phase speed of eastward moving TIOs (3-7 m s™') and that
of eastward synoptic-scale convection (10-13 m s ™'). Coherant
propagation of TIOs from the [ndian to the western Pacific
Oceans was often observed with diminution of amplitude over
the maritime continent, presumably owing to the strong diur-
nal cycle there (Hendon and Woodberry, 1993]. Propagation of
high-frequency anomalies was generaily confined t©0 an indi-
vidual basin, although coherent anomalies were sometimes
found to propagate through both regions. Dominance of east-
ward propagating svnoptic-scale convection in the equatorial
zone contrasts sharply with the westward propagation of svn-
optic-scale convection in off-equatorial convergence zones.

Interaction berween the TIO and high-frequency activity
resoived by daily OLR was visible as a modest enhancement of
eastward synoptic-scale events (and of high-frequency acuviry
in general) during the convectively active phase of the TIO.
This effect did not occur in every TIO event. and many east-
ward propagating synoptic-scale events were seen during the
inactive phase of the T1O. It is therefore unnecessary to regard
the synoptic activity or superclusters as essential to, or uniquety
associated with, the convectively active phase of the TIO. Nev-
ertheless, modulation of convection on shorter spatial and
temporal scales {s an important and perhaps essential feature
of the tropical intraseasonal oscillation. Cloud imagery shows
that mesoscale activity is strongly enhanced in the active phase
of the TIO [Hendon and Liebmann, 1994]. The mechanism is
unknown but presumably invoives the large-scale circulation
associated with the TIO.

Given the prominence of synoptic-scale and mesoscale ac-
tivity in equatorial convection, what is important to the TIO’s
large-scale circulation is not the enhancement of a large con-
tiguous region of convection in the active phase, but the ~30-
to 60-day enhancement of high-frequency convective activiry
on shorter spatial and temporal scales. Either scenario leads w0
enhanced precipitation and latent heat release when averaged
over the active phase of the TIO, because there are no “‘neg-
ative clouds.” Although clear-sky conditions exist here and
there within the envelope of convective activity, a net positive
heating remains when averaged over the active phase of a T1O
event. Detailed observations of convection highlight the im-
portance of the second mechanism. A potenual feedback
therefore exists between the large-scale circulation induced by
the envelope of synoptic-scale and mesoscale convection. and
the effect of this circulation on the development of convective
elements making up the eavelope.

This survey of equatorial OLR invites further study using
cloud imagery in order to elucidate the propagation and inter-
action of equatorial convection at various spatial and temporai
scales. An example described by Hendon and Liebmann {1994,
Figure 9] provides a striking illustration of scale interaction
involving the TIO and mesoscale convection. [t would be in-
teresting to explore these interactions with a tonger record and
also to consider in more detail the role of synoptic-scale cloud
organization, particularly during times of strong, coherent
eastward propagation. Further examination of these svenfs in
conjunction with circulaton data may shed light on the mech-
anisms of Kelvin wave excitation in the troposphere, the sea-
sonal variation of these waves, and the efects on the straro-
spheric QBO.
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Mixing zone in the tropical stratosphere above 10 mb

Timothy J. Dunkerton and Donal J. O'Sullivan

Northwest Research Associates, Bellevue, Washington

Abstract. Observations of trace constituents obtained
from the Upper Atmosphere Research Satellite in late
winter 1991/92 reveal a zone of quasi-horizontal stirring
in the tropical stratosphere above 10 mb, equatorward
of the subtropical jet. This mixing region was separated
from the midlatitude surf zone by a strong gradient of
potential vorticity and tracer along the jet axis. The jet
and accompanying gradients are climatological features.
Mixing equatorward of the jet evidently depends on the
phase of the quasi-biennial oscillation.

Introduction

The distribution of long-lived trace constituents in
the middle atmosphere is affected by quasi-horizontal
stirring due to planetary Rossby waves and instabili-
ties resulting from these waves. Preferred regions of
mixing include the ‘surf zone’ in the midlatitude win-
ter stratosphere [Mc/intyre and Palmer, 1984], the polar
winter mesosphere {Dunkerton and Delisi, 1985], and
the lowermost stratosphere in all seasons [Chen, 1995;
Dunkerton, 1995; Holton et al, 1995]. Steep horizontal
gradients of potential vorticity and trace constituents
are observed at the lateral boundaries of mixing regions.
In this letter we describe another region of stirring, the
northern tropical stratosphere above 10 mb, as observed
by instruments aboard the Upper Atmosphere Research
Satellite (UARS) in late winter 1991/92.

Data Analysis

Several UARS constituents were examined, including
water vapor {H,0) from the Microwave Limb Sounder
(MLS) version 3 [Barath et al, 1993; Waters et al, 1993]
and nitrous oxide (N2Q) from the Cryogenic Limb Ar-
ray Etalon Spectrometer (CLAES) version 7 [Roche et
al, 1993]. Features described in this letter were ob-
served in other UARS constituents as well, but could
be seen more clearly in some tracers than in others,
depending on the background distribution. Level 3AT
data, consisting of soundings along the orbital track,
were interpolated to a longitude-latitude grid using 4
consecutive days of data as input. The weight func-
tion was an elliptical gaussian with major axis aligned
in the zonal direction. Assigning a relatively small ra-
dius of influence (3°x1°) to this function, comparable to
the distance between soundings, strong tracer gradients
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were preserved, as well as in the original data. A disad-
vantage of this method is that any rapidly evolving (<
4-day) disturbances are aliased into spurious features
with short longitudinal scale. Aliasing was insignmfi-
cant in the examples shown, but small-scale features in
our tracer figures should be viewed with caution. This
simple procedure captured the slow evolution of tracers
affected by quasi-stationary planetary waves, and was
entirely adequate for zonally averaged latitude-height
cross sections. Circulation data were obtained from the
United Kingdom Meteorological Office (UKMOQO) anal-
yses [Swinbank and O’Neill, 1994], and the state of the
quasi-biennial oscillation (QBO) at the equator was de-
termined using rawinsonde data from Singapore {1.4°N,

104.0°E).
Results

Figure 1 displays the mean zonal wind at 4.6 mb for
UARS day 50-650 beginning in November 1991. The
first northern winter, occurring in a deep easterly phase
of the QBO (~70-15 mb), experienced stronger wave
activity and a more disturbed vortex than the second
winter, occurring in a deep westerly phase. Aside from
differences in timing, the mean flow evolution was qual-
itatively similar in the two winters. Breakdown of mid-
winter westerlies led to the formation of a detached sub-
tropical westerly jet near 30°N. This jet is commonly
observed in late northern winter [Randel, 1992] persist-
ing for one or two months after the transition to east-
erlies at higher latitudes.

To illustrate the relation between the subtropical jet
and quasi-horizontal stirring, we focus on the second
half of February and first half of March 1992, UARS
days 160-185, indicated at the top of Fig. 1 by a bold
line. Figures 2a,b show latitude-height cross sections
of MLS H.O and CLAES N,O, respectively, averaged
over this time interval. Figure 3 shows the correspond-
ing latitude-height cross section of mean zonal wind,
from UKMO analyses. The axis of the subtropical jet
is indicated by a bold curve in each of the figures, and
a few isopleths of N2O are superposed in Fig. 3. Both
constituents display an unusual ‘staircase’ pattern in
the latitude-height plane (highlighted in yellow). This
complicated pattern can be separated into individual
features and interpreted, tentatively, as follows: 1) In
the upper stratosphere south of the equator, tracer iso-
pleths are pushed upward due to Brewer-Dobseon up-
welling. 2) In the upper stratosphere north of the
equator, between 10 and 2.2 mb, there is a region of
weak tracer gradient due to quasi-horizontal stirring (as
shown below). 3) Near the tropical stratopause there
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Figure 1. Latitude-time cross section of mean zonal wind at 4.6 mb, from UKMO analyses.
Contour interval 10 ms™!, easterlies are shaded.

is a double-peak structure associated with the onset of
the semiannual oscillation (SAO) west phase. 4) In the
tropical middle stratosphere, there is another double-
peak structure associated with the onset of the QBO
west phase. This feature is visible as a weak depres-
sion of tracer isopleths on the equator accompanied by
tracer anomalies on either side, the one on the north
side being especially prominent in N2Q. 5) There is a
strong horizontal gradient of tracer along the axis of
the subtropical jet, extending from the middle strato-
sphere, where the gradient is visible in both tracers,
to the upper stratosphere, where the gradient is evi-
dent only in H2O. Lack of a strong gradient in N,O
is attributable to the small amount and/or weak back-
ground gradient of this constituent in the upper strato-
sphere. 6) Tracer isopleths in the midlatitude Northern
hemisphere stratosphere are quasi-horizontal, extend-
ing across the region of weak mean zonal wind, i.e., the
surf zone. 7) A modest horizontal gradient of N>O at
46-22 mb, but not of H,O, coincides with the axis of a
weak polar night jet near 60°N.

Comparing Fig. 2 with a cross section one year later,
in the opposite phase of the QBO, we find several sim-
ilarities and differences. There is a strong gradient
of tracer coincident with the subtropical jet, flat iso-
pleths of tracer across the midlatitude surf zone, and a
modest N,O gradient approaching polar latitudes (not
shown). The SAO double peak is also apparent. On the
other hand, there is less evidence of Brewer-Dobson up-
welling south of the equator, no hint of QBO anomaly
in the middle stratosphere, and no evidence of quasi-
horizontal stirring in the upper half of the tropical
stratosphere.

The QBO evidently affects the distribution of con-
served tracers in four ways. 1) QBO circulation cells

in the tropics advect tracers horizontally and vertically
in the latitude-height plane. 2) The QBO zonal wind
anomaly determines whether planetary Rossby waves
can enter the tropical stratosphere from the winter
hemisphere. 3) The equatorial QBO affects the polar
vortex and planetary-wave flux in the northern winter
stratosphere, thereby indirectly influencing the amount
of wave activity that can enter the tropics, and 4) the
strength and southern extent of the Brewer-Dobson cir-
culation.

We note incidentally that UKMO analyses underes-
timated the onset of the QBO west phase in early 1992
relative to that of Singapore. While there is a sugges-
tion in Fig. 3 of westerly vertical shear at the equator
above 22 mb, Singapore winds revealed a much stronger
shear with absolute westerlies maximizing at almost 20
ms~!. The reason for this discrepancy is unknown.

The latitude-height cross sections of tracer and mean
zonal wind in Figs. 2,3 are representative of shorter in-
tervals within this time period. Figure ¢ displays a hor-
izontal map of CLAES N,0 and UKMO zonal wind for
UARS days 180-183 at the 4.6 mb level. There was a
significant planetary-wave event in March 1992, leading
to the breakdown of a remnant vortex and final tran-
sition to summer easterlies at higher latitudes. This
event was underway during the time period shown, but
unfortunately, the north-viewing yaw period of UARS
ended on day 194.

In Fig. 4, a strong tracer gradient just north of the
equator bifurcates into two strong gradients near the
dateline; the northern one links up with the subtrop-
ical jet and closely follows the jet axis as it mean-
ders through the Western hemisphere and extends into
midlatitudes in the Eastern hemisphere. The flow is
dominated by wavenumber 1, but higher wavenumbers
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Figure 3. Latitude-height cross section of mean zonal
wind, from UKMO analyses, averaged over UARS day
160-185. Contour interval 5 ms™!, easterlies are shaded.
A few isopleths of N,O are also shown (thin lines).
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develop in the Western hemisphere inside the tropical
mixing region. A sequence of maps around this time
suggests that the apparent flux of high N,O concen-
trations into the Northern hemisphere is occurring in
two branches: one near the dateline, and another near
90°W. Spontaneous formation of higher wavenumbers
was observed in nonlinear simulations of a Rossby-wave
critical layer [Salby et al, 1990].

What is remarkable about this picture, in contrast
to the usual midlatitude surf zone, is that the narrow
mixing region occurs equatorward of the subtropical jet,
rather than poleward of it, and is dynamically sepa-
rated from the midlatitude mixing region. In effect,
one can imagine that the subtropical jet has split the
surf zone into two parts: a midlatitude part and a trop-
ical part. The tropical mixing zone is isolated from the
midlatitude surf zone at most longitudes, except over
east Asia and the west Pacific. Meridional displace-
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Figure 4. Horizontal map of CLAES N;O and UKMO zonal wind at 4.6 mb, averaged over
UARS day 180-183. Units: ppmv (N2O) and ms~! (zonal wind).
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ment of air parcels is reduced in the jet core. su that
mixing is inhibited there. Mixing is encouraged where
parcel displacements are large. i.e.. approaching a crit-
ival layer. This interpretation is supported by Fig. 3.
showing that the zero-wind line intersects the tropical
mixing zone above 10 mb. The subtropical jet and ac-
comipanying PV /tracer gradients are most likely the re-
sult of i) Coriolis torques due to a mean meridional
circulation extending outside the region of wavedriving
to the north. and ii) mixing on either side of the jet
maximun.

Conclusion

UARS observations suggest that the so-called sub-
tropical transport “barrier’. evident at lower levels in
volcanic aerosol and trace constituents [e.g.. Trepte
and Hitchman. 1992, Randel et al, 1994] extends to
higher altitudes and represents not only the equator-
ward boundary of the midlatitude surf zone but also
the poleward boundary of an intermittent mixing zone
in the tropical upper stratosphere. Although this region
is not as isolated from midlatitude disturbances as at
lower levels. the subtropical jet separates the intermit-
tent tropical mixing from the more pervasive stirring in
the midlatitudesurf zone. Except where the subtropical
gradient is breached. there is tendency for the tropical
stratosphere to remain isolated even at higher levels.
During the west phase of the QBO. a strong tracer gra-
dient also develops at the equator. which marks the
southern boundary of the tropical mixing zone.

Strong PV /tracer gradients often coincide with west-
erly jets in the atmosphere and ocean because Rossby-
wave and instability critical levels cannot exist near a
westerly maximum. Propagating Rossby waves must
have negative intrinsic phase speed and therefore can-
not have a critical level near the center of a westerly
jet. Barotropic and baroclinic instabilities must have a
critical level in a region of reversed potential vorticity
gradient. which can only occur in the Hanks of a west-
erls jet. Mixing is therefore inhibited near the jet core.
fi.r 1. long as the maximum wind 1s not too strong.
Rossby waves can propagate across the jet and break in

ot regions of weaker mean flow.
tracer gradients are necessarily the result
i wvwsow, wavebreaking. A strong, zonally symmet-
ric N, O gradient at the southern boundary of the do-
main in Fig 4 suggests a possible role for differential
.1 subtropical latitudes of the summer hemi-
1 addition to a “leftover’ effect of wavebreaking
{from the previous winter. Further study is necessary to
detormine the relative importance of these effects.
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The influence of the quasi-biennial oscillation
on global constituent distributions

Donal O’'Sullivan and Timothy J. Dunkerton

Northwest Research Associates, Bellevue, Washington

Abstract. Long-lived stratospheric constituents observed by the Upper Atmosphere
Research Satellite are compared between late northern winters 1991-1992 and 1992-
1993. The phase of the quasi-biennial oscillation (QBQO) was such that the
equatorial zonal wind was easterly (westerly) in the lower stratosphere during the
first (second) winter. In the tropics., winter-to-winter differences in the latitude-
height distribution of zonally averaged N,O and H2O are associated with differences
in large-scale upwelling, the QBO’s mean meridional circulations, and lateral
mixing by incident extratropical Rossby waves. In the extratropics. significant
differences in zonally averaged N,O and H,O are also found which are believed to
represent the extratropical constituent QBO. The transport processes creating the
extratropical constituent QBO are tentatively identified: In the winter extratropics.
QBO modulation of the residual circulation appears to dominate in the upper
stratosphere, while QBO-modulated Rossby-wave isentropic mixing dominates
below about 10 mbar. Analysis of Rossby waves at low latitudes, as deduced from
isobaric constituent distribution maps. suggests that the meridional distribution
of Rossby wave breaking depends on the tropical zonal winds. Easterly QBO
winds prevent Rossby-wave radiation into the tropics, so that a strong constituent
concentration gradient is generated in the winter subtropics. Westerly QBO winds
allow some wave radiation into the tropics, accompanied by isentropic mixing in
the winter subtropics, cross-equatorial propagation, and occasional mixing in the
summer subtropics. These effects depend on altitude and appear to vary in accord

with the descending phases of the QBO.

1. Introduction

In the tropics, the zonal mean distribution of long-
lived constituents is dramatically altered by the annual
cycle, the semiannual oscillation {(SAQ). and the quasi-
biennial oscillation (QBQO) [Gray and Pyle. 1986; Za-
wodny and McCormick. 1991. Trepte and Hitchman,
1992; Hasebe, 1994; Hitchman et al.. 1994]. The mean
meridional circulations associated with these oscilla-
tions have upwelling/downwelling in conjunction with
easterly/westerly shear layers on the equator. Thus, for
example, a westerly SAQ shear zone produces a double
peak of methane mixing ratio in the upper stratosphere
during springtime [Gray and Pyle, 1936].

Quasi-biennial variability in constituents or circula-
tion is not nearly as dominant in the extratropics as it
is in the tropics, because of the larger interannual, sea-
sonal, and shorter-term variability present there. Nev-
ertheless, the interaction of the QBO with the northern
hemisphere extratropics has been documented in both
circulation and long-lived constituents: the most active

Copyright 1997 by the American Geophysical Union.
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seasons for QBO-extratropical interaction appear to be
winter and spring.

The interaction of the QBO and extratropical circu-
lation was first documented by Honlton and Tan [1930.
1982] who found a robust correlation between the phase
of the QBO at 50 mbar and the geopotential height in
the north polar region. The relation is such that the
December-February polar night jet is stronger during
winters when the QBO phase at 30 mbar is westerly.
Such QBO-correlated interannual variability of the po-
lar vortex strength is now known as the extratropical
QBO. The coupling of the winter extratropical circula-
tion to the QBO apparently occurs through QBO mod-
ulation of extratropical Rossby-wave activity, as there
is greater Eliassen-Palm flux convergence at middle and
high latitudes throughout the stratosphere in the east-
erly QBO winter composite [Dunkerton and Baldwin.
1991: Baldwin and Dunkerton, 1991, Baldwin and Tung,
1994]. This tendency has also been simulated in numer-
ical models [O 'Sullivan and Salby, 1990; Dameris and
Ebel, 1990; Holton and Austin. 1991; O’Sullivan and
Young, 1992; O Sullivan and Dunkerton, 1994; Butchart
and Austin, 1996; Chen, 1996]. Such results imply that
extratropical transport of constituents should be mod-
ulated by the phase of the QBO. as suggested by Tung
and Yang [1994a, b] and Hess and O Sullivan [1995].
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Thus the QBO affects tracer transport not only in
the tropics but also throughout the winter middle at-
mosphere. The QBO signal in total ozone has been de-
scribed using data from the satellite-borne total ozone
mapping spectrometer (TOMS) {Bowman, 1989 Laut
et al., 1989; Chandra and Stolarski, 1991; Randel and
Cobb, 1994; Tung and Yang, 1994a]. These data show
the dominant influence of the QBO in the tropics where
the total ozone anomaly is approximately in phase with
the equatorial 30-mbar zonal wind. They also depict
an off-equatorial total ozone anomaly which develops
in both northern and southern hemispheres during the
local winter-spring season, with amplitude and sign de-
pending on the QBO’s phase. This seasonally synchro-
nized subtropical and extratropical QBO signal in total
ozone maximizes at ~30°-40° latitude, and again at the
pole, and is out of phase with the tropical anomaly [e.g.,
Randel and Cobb, 1994, Figure 11].

Studies using vertically integrated total ozone can-
not reveal details of the extratropical QBO’s vertical
structure, however. Randel and Wu [1996] used strato-
spheric aerosol and gas experiment (SAGE) ozone and
nitrogen dioxide (over the range £60° latitude with 1-
km vertical resolution) and stressed the importance of
the extratropical ozone QBO at middle stratospheric
levels (above 30 mbar) in addition to the larger sig-
nal at lower levels (below 30 mbar). The extratropi-
cal QBO for different constituents depends greatly on
the constituent’s mean distribution, as this is the ba-
sic distribution that the QBO-modulated transport acts
upon. Thus to isolate the extratropical QBO signal
in constituent transport ideally requires multiyear data
sets with vertical and global coverage of constituents
which are long-lived at middle and lower stratospheric
levels. Unfortunately, such data sets will not be avail-
able in the foreseeable future. The Upper Atmosphere
Research Satellite (UARS) Halogen Occultation Exper-
iment (HALOE) data may prove useful for this pur-
pose, but the infrequent horizontal sampling by HALOE
(about 30 profiles daily) limits its value for studying
eddy transport processes.

In this paper. as an alternative to a long-term cli-
matological study, we compare long-lived constituent
distributions observed by UARS during its first two
northern winters. We note the fortuitous phasing of
the QBO. which switched phase by approximately 130°
between winters, from a deep easterly QBO phase dur-
ing the first winter to a deep westerly phase during the
second. It is notable that the winter-mean extratrop-
ical circulations seen during these two northern win-
ters were similar to the extratropical circulations ob-
served for easterly and westerly QBO composites de-
scribed above. Thus it is reasonable to suppose that
the constituent transport seen during these two win-
ters is also representative of a multiyear QBO compos-
ite and that the constituent’s winter-to-winter differ-
ence is representative of the constituent’s extratropical
QBO signal. The objectives of this paper are to ana-
lyze the UARS observations of long-lived stratospheric
constituents in order to determine the QBQO’s influence
on global constituent distributions and to clarify how
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the QBO modulates transport processes in the tropics
and winter hemisphere.

2. Data

The UARS constituents chosen for this study are ni-
trous oxide (N+,Q) observed by the cryogenic limb array
etalon spectrometer (CLAES) instrument [Roche et al.,
1993; Roche et al.. 1996] and water vapor (H-O) ob-
served by the Microwave Limb Sounder {MLS) instru-
ment [Barath et al.. 1993, Waters et al., 1993; Lahoz
et al., 1996]. Level 3AT data, consisting of soundings
along the orbital track, were used. The CLAES data
have a vertical resolution of 2.5 km, while MLS data-
have about 6-km spacing.

N2O and H,O are long-lived constituents in the strato-
sphere [Andrews et al., 1987, Figure 9.2]. N2O is de-
stroyed through photolysis and has a lifetime of greater
than a year at 10 mbar, and which increases rapidly at
lower levels. H»O is created in the stratosphere from
methane oxidation and therefore has a lifetime similar
to methane’s of about 3 years at 10 mbar and which in-
creases rapidly below. Methane’s longer lifetime allows
this constituent to act as a source of H,O in the ex-
tratropical upper stratosphere, providing a background
concentration gradient that mixing processes can de-
form. On the other hand, N2O'’s shorter lifetime in this
region results in nearly homogenized, very low mixing
ratio values.

The UARS orbit allows coverage of the stratosphere
between 35°S (N) and 30°N (S) during a northward

—

{(southward) viewing vaw period. Maps of the L3AT -

data were made by interpolating to a latitude-longitude
grid using data from three consecutive days and an ellip-
tical Gaussian weight function with major axis aligned
in the zonal direction. as described by Dunkerton and
O’Sullivan [1996]. These mappings take advantage of

—

the CLAES and MLS instrument’s frequent sampling,

providing over 1200 vertical profiles per day. Such map-
pings capture the slowly evolving features and are par-
ticularly successful at lower latitudes where wind speeds
are relatively weak. Comparison of maps for successive
days shows that most significant features at low lati-
tudes are slow moving and are well represented.

3. Comparison of the First Two
Northern Winters of UARS

3.1. Zonal Wind

The evolution of the stratosphere’s zonal mean wind
at 10 mbar over the first two vears of UARS is shown
in Figure 1. using United Kingdom Meteorological Of-
fice (UKMO) assimilated winds [Swinbank and O Veul.
1994a]. The polar vortex was relatively disturbed dur-
ing the first winter when the QBO phase was easterly
over a deep layer from 60 mbar to near 15 mbar ( Fig-
ure 2a), while it was relatively quiet during the second
winter [Manney et al.. 1994, 1995] when the QBO was
westerly over a deep layer (from 70 to above 10 mbar).

f—

Comparing the two northern winters shows that the po- ™

lar vortex broke down earlier in 1991-1992 than the fol-
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Latitude-time cross section of mean zonal wind at 10 mbar, from United Kingdom

Meteorological Office (UKMO) analyses. Contour interval is 3 m s~!. and easterlies are shaded.
The bold bars indicate the duration of the northward viewing yaw periods discussed here.

lowing year. In 1991-1992 the vortex broke down in
mid-January, whereas in the following year it survived
until the beginning of March.

Although the UKMO assimilation provides a good
representation of the QBO at most times when com-
pared with Singapore rawinsonde data (Figure 2a) {Nau-
Jjokat, 1986], there is a discrepancy at the 10-mbar level
during the first UARS winter, with the onset of the
westerly phase at 10 mbar occurring 10 months later in
the UKMO analyses than in Singapore rawinsonde ob-
servations (Figure 2a), occurring in September 1992 ver-
sus November 1991, respectively [Swinbank and O’ Neill,
1994b]. The UARS high resolution Doppler imager
(HRDI) instrument [Ortland et al., 1996, Figure 1l]
provides independent zonal wind observations and in-
dicates that zonal mean westerly winds near 10 mbar
first appear during April 1992. At other times. there
1s much better agreement between Singapore, UKMO,
and HRDI zonal wind observations.

Figure 2b shows the 1992 minus 1993 difference in
the zonal mean wind averaged over the months of Jan-
uary, February and March. This corresponds to an
“easterly minus westerly” QBO phase difference and
shows the dipole pattern associated with Holton and
Tan’s [1980] extratropical QBO {Baldwin and Dunker-
ton, 1991, Figure 3]. The corresponding difference in
geopotential height at 10 mbar (not shown) also gave a
pattern similar to that of Holton and Tan [1980] (and
Dunkerton and Baldwin [1991]). These results suggest
that the QBO is responsible for the extratropical cir-
culation differences between the two northern winters.
In the following we will refer to the differing extratrop-
ical circulation as the extratropical QBO’s dynamical
signal. It is, in any case. the signature of a relatively
“active” versus “inactive” winter in the northern hemi-
sphere stratosphere.

3.2. CLAES Nitrous Oxide Distributions

To compare the distribution of long-lived constituents
between the first two northern winters. we are limited
to the time periods when the UARS instruments were
northward viewing. This occurred from early Decem-
ber to mid-January and again fromm mid-February to
mid-March of both winters. Unfortunately. only a few
days of data are available fromn the CLAES instrument
for the first time period during the winter of 1991-
1992, so we concentrate on a year-to-year comparison
of constituents during the mid-February to mid-March
vaw period. Plate | shows the zonal mean N-O mix-
ing ratio cross section averaged over mid-February to
mid-March for both years. along with their difference.
The bold horizontal line tn the tropics indicates the 27-
km (~20 mbar) level which approximately marks the
aerosol cloud top in early 1992 [Lambert et al., 1993].
Both winters show the extratropical surf zone between
about 20° and 60°N as a region of nearly horizontal
isopleths. The polar vortex is evident north of about
60°N in the lower stratosphere as a region of lower N-O
mixing ratio. Both years also show dispiacement of iso-
pleths due to tropical upwelling and winter extratropi-
cal downwelling characteristic of the large-scale Brewer-
Dobson circulation. The elevated maximum N2O mix-
ing ratio in the tropics between 30 and 50 mbar (Plate
la) is probably an artifact introduced by the Mount
Pinatubo aerosol cloud, since the major source of strato-
spheric N2O is ground-level emissions from microbiolog-
ical activity followed by tropical ascent into the strato-
sphere. At this time the Pinatubo aerosol cloud was
dense below about 30 mbar (~26 km) within about 20°
of the equator {Grant et al., 1994]. so N2O values in this
region may not be accurate. It is unlikely that aerosol
lofting could explain the constituent pattern outside of
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Figure 2. (a) Monthly

mean zonal winds at Singapore (1°N, 104°E). Contour interval is 3

m s~! and easterlies are shown by dashed lines. Shading denotes the time periods discussed in
this paper. (b} Latitude-height cross-section of the 1992 minus 1993 inean zonal wind difference.
averaged over January through March, from UKMO analyses.

the equatorial lower stratosphere, however. As noted
by Dunkerton and Delis: [1991] in their study of the
time period after El Chichon. it is difficult for aerosols
to have much direct, long-lasting impact on the mean
meridional circulation because (1) the aerosol tends to
setcle into a shallow layer, implying a small geopotential
perturbation for a typical temperature anomaly, and (2)
the aerosol spreads horizontally, reducing the latitudi-
nal gradient of heating (which is one of two terms driv-
ing the mean meridional circulation). Furthermore, (3)
aerosol-induced lofting is accompanied by ozone reduc-
tion, which has a buffering effect on the mean merid-
ional circulation {A'inne et al.. 1992]. Finally, (4) the
magnitude and even the sign of heating rate above an
aerosol cloud is not known, so that little can be said
about the direct effect of aercsols above the aerosol
cloud.

Analysis of CLAES N0 during January-March 1992
suggests the following. The structure of the tropical

maximum (mixing ratio greater than 240 parts per bil-
lion by volume {ppbv)) i1s consistent with trausport by
the QBO mean meridional circulation as discussed by
Trepte and Hitchman [1992], given that the QBO zonal
wind has a westerly shear laver near 15 mbar accord-
ing to the Singapoce rawinsonde recoed (Figure 2a).
Strong meridional gradients of N2O develop about the
equator near 20° N or S latitude. partly attributable
to meridional outflow away from the equator below the
westerly shear layer, as discussed by Trepte and Hitch-
man. Strong vertical gradient of N2O mixing ratio oc-
curs just above 15 mbar at the equator due to the QBO
mean meridional circulation’s downswelling in the west-
erlv shear zone.

The marked asymrietry of NoO mixing ratio about
the equator at and above 15 mbar is, however. a ma-
jor difference between this pattern and the canonical
QBO-induced aerosol pattern discussed by Trepte and
Hitchman [1992]. Transport by the QBO’s mean merid-
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Plate 1.  Latitude-height cross-sections of CLAES
N,O, averaged over UARS days (a) 160-185 (Febru-
ary 18-March 14, 1992); (b) 520-550 (February 12-
March 14. 1993); and (c) the difference (a) minus (h).
Contour interval is 15 ppbv in Plates la-lc with the
darkest blue representing 0-15 ppbv in Plate la and
Plate 1l>. In Plate lc negative values are shown by
dashed contours, and the bold line denotes the zero iso-
pleth. In the tropics a solid horizontal line indicates
27-km altitude, indicating the approximate top of the
Mount Pinatubo aerosol cloud in early 1992.

ional circulations alone would produce a pattern sym-
metric about the equator. This difference could be due
to the different season examined here (late winter) com-
pared with Trepte and Hitchman's cases. which were
from early October and early November (see their Fig-
ure 3). In our case, the upwelling Brewer-Dobson circu-
lation has become stronger in the summer hemisphere
subtropics. tending to elevate the mixing ratio isopleths
near 10°—=20°S. Grant et al. [1996] similarly show equa-
torial asymmetry about the equator for constituent dis-
tributions below 30 km during winter and summer due
to seasonally varying upwelling. A second difference 1s
the presence of a strong flux of Rossby-wave activity
toward the tropics from the winter extratropics. The
propagation and breakdown of these waves. approach-
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ing the equator at a particular altitude, depends on the
phase of the QBO at that altitude as discussed in sec-
tion 3.4. A third factor to consider is that the altitude
range studied by Trepte and Hitchman was lower than
our region of interest, since aerosol concentration is very
low above about 30 km.

A vyear later, in January-March 1993, the QBO has
evolved to a nearly opposite phase, with a rapidly de-
scending easterly shear layer near 10 mbar and weaker
westerly shear mainly below 50 mbar (Figure 2a). The
zonal mean N,O mixing ratio pattern (Plate 1b) is very
different from a year earlier (Plate la) at low latitudes.
having weaker meridional gradients flanking a central,
nearly equatorial peak. The easterly shear layer and up-
welling at the equator are centered near 10 mbar, where
the mixing ratio isopleths show a more provounced up-
ward displacement than is seen at altitudes above or
below. The asymmetry of the mixing ratio pattern
about the equator, above 50 mbar, is mainly due to
a stronger meridional gradient in the winter subtrop-
ics. This represents the equatorward edge of the winter
midlatitude surf zone as it encroaches on the tropics
[Grant et al.. 1996]. The strongest meridional gradient
in the winter subtropics slopes upward and equator-
ward from ~20°N at 30-40 mbar to ~10°N at 10 mbar.
Above 10 mbar the strongest gradient again occurs al
~20°N. This is consistent with HRDI wind observations
for March 1993 [Ortland et al.. 1996] showing equatorial
easterlies reaching to near 20°N above 10 mbar. while
westerlies occur below, approximately the reverse of the
zonal wind configuration a year earlier. Isobaric synop-
tic maps of constituent mixing ratios are presented in
section 3.4 to help distinguish the transport effects of
mean motions from those of eddy mixing.

Comparing the two winters” NO distributions in-
dicates that greater large-scale tropical upwelling oc-
curred in February-March 1992 than in February-March
1993. This is indicated in the 1992 minus 1993 mix-
ing ratio difference (Plate lc) by a positive anomaly
in the summer hemisphere’s low latitudes above 350
mbar. Similarly, the mixing ratio difference in the
winter extratropical upper stratosphere suggests that
greater downwelling occurred in 1992, creating the neg-
ative difference in the winter extratropics between 30
and 40 km. In the extratropics below 10 mbar, however.
it appears that enhanced meridional mixing by Rossby
waves during February-March 1992 was the dominant
effect. Such differences in long-lived constituent distri-
butions are consistent with the dynamical differences
between the two winters. During the 1991-1992 (east-
erly QBO phase) winter, the more disturbed extratrop-
ical circulation would result in a strengthened Brewer-
Dobson circulation and greater Rossby-wave mixing
compared with the less disturbed 1992-1993 (westerly
QBO phase) winter.

3.3. MLS Water Vapor Distributions

In this section we look at water vapor. an inde-
pendently observed long-lived constituent observed by
MLS. for comparison with N2O. Plates 2a.b present
zonal mean MLS H.O mixing ratio cross sections for
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Plate 2. Latitude-height cross sections as in Plawe |
excepl for MLS H-O. Contour interval 1s (.15 ppmv in
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ppmy in Plate 2a and Plate 2b.

the mid-February to mid-March vaw periods of 14492
and 1993, respectively.

There is a strong similarity between the 1.0 and
N2 O mixing ratio patterns. allowing for their appros-
imately inverted source/sink distribution with heighi
and the poorer vertical resolution of MLS relative o
CLALES. Plate 2a shows the stronger tropical upwelling
with strong meridional gradients near ~25°N and 20°S,
the tropical mixing zone above 10 mbar. dowmvelling
1 the winter extratropics and espectally withu the po-
lar vortex, and the winter midlatitude surf zone. The
lower vertical resolution of MLS does not permit the
sharp vertical gradient near 10 mibar and 0°=20°N 10
be resolved as well as by CLAES. however. Methane
oxidation increases H,O mixing ratios with height i
the npper stratosphere. so that .0 shows strong gra-
dients e this region. whereas the N2 O has been mostly
destroved aud therefore appears nearly constant. Thus
the H,0 mixing ratio (Plates 2a aud 25) highlights the
meridional gracdient near 5 mbar and 33°N much more
clearly than the NoQ mixing ratio (Plates Ta and h).
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The H.0 nuxing ratio from 1993 similavly compares
well with the N.O mixing ratio. The main difference be-
tween the two constituent distributions is that the 1.0
wixing ratio gradients are more uniformly distributed
over the domain. although the meridional gradient at
the subtropical jet is still clearly evideut from ~20°N
near 22 mbar to 30°N near 2.2 mbar (Plate 2b). The
1992 minus 1993 difference (Plate 2¢) bears a strong
sinilarity to that of the N+O mixing ratio (Plate lo).
apart from a sign change. The agrecient between NoO
and FH»0O 1s remarkable, considering the instrument and
species lifetime differences, and increases our confidence
in the accuracy of the observations.

As with N2O. the main features in the winter cliffer-
ence plot can be attributed to transport processes. The
tropical mixing zone above 10 mbar in February-March
1992 results in a positive maximui in the HaO mix-
ing ratio difference near 0°—20°N. Large-scale tropical
upwelling. cross-equatorial transport. and winter extrat-
ropical downwelling above L) mbar are stronger during
the first winter than the second. causing the large region
of negative HaO differences in the tropics and summer
low latitudes, with positive difference above 10-15 mbar
e the winter extratropics north of about 40°N. Below
L0-15 mbar. lor example. at 22 mbar, in the extratropics
the negative HoO difference reflects stronger surf zone
mericlional transport in the first winter. Thus compar-
g the February-March period between these winters
suggest~ that merichonal mixing dominates the zonal
mean HaO mixing ratio tendency below 10-15 mbar
while Brewer-Dobson advection dominates above. The
longer hfetime of HaO in the middle and upper strato-
sphere allows the 1992 minus 1993 H,O mixing ratio
difference to be seen better in the upper stratosphere
than was the case with NoO. Qtherwise. despite mi-
nor differences. the H4O mixing ratio winter difference
(Plate 2¢) reserables the NoO difference with sign ve-
versed.

3.4. Rossby Wave-Induced Mixing

The striking winter-to-winter variability seen in the
zonal mean coustitueut distribution at low northern
latitudes, microred in the strong. equatorially asyin-
melric difference anomaly (Plate 1¢ and 2¢). suggests
that QBO-dependent Rosshy-wave transport is active in
shaping the distributions. To illustrate the importance
of Rossby-wave mixing for trace constituent diflerences
between easterly and westerly QBO phase. and their cle-
pendence on altituce. we present a few maps of CLAES
N2O in the time periods of interest. Plates 3a and 3b
show the distribution of NoO in early 1992 (UARS davs
165-168: February 23-26) at 4.6 and 4.7 mbar. respec-
tively. while Plates da and 4b show the corresponding
distribution at these altitudes in early 1993 (I'ARS days
528-530: February 20-23). The days selected from each
winter are represeutative of their yaw periods. and the
features we discuss are also evident ou other days of
each vaw period.  Oue feature lmmediately apparen
is the larger N2 O concentration throughout the tropics
in the Arst winter at 14.7 mbar. This may indicate en-
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Plate 3. Horizontal map of CLAES N2O mixing ratio (ppbv) and UKMO zonal wind (m s7h
averaged over UARS day 165-163 (February 23-26, 1992) at (a) 4.6 mibar, and (b) 14.7 mbar.

hanced Brewer-Dobson upwelling, as noted above. since
the pattern of increased N»O in Plate 3b is almost zon-
ally symmetric and unperturbed by Rossby waves. Note
that the same color scheme is used in Plates 3a and
4a (4.6 mbar) but that the scheme is altered between
Plates 3b and 4b (14.7 mbar) due to the different trop-
ical N»O concentrations seen at that level in each win-
ter. Several other features in these maps comparing the
two years cannot be explained solely i terms of mean
meridional transport, however. The data suggest that
Rossby-wave propagation and breaking, as moclulated
locally by the QBO, plays a significant role in shaping
the distribution of long-lived constituents in the trop-
ics and subtropics (where our color scheme displays the
greatest contrast). In particular. the intensity and lo-
cation of maximum horizontal N2O gradient, and the
latitude of maximum N2O concentration, differ signifi-
cantly between the two winters in a manner consistent
with the action of laterally propagating Rossby waves

and a local modulation of their propagation and break-
ing by the QBO winds.

During January-March 1992, Rossby waves are seen
to transport NoO-depleted air quasi-horizontally closer
to the equator above about 10 mbar, creating a tropi-
cal mixing zone between the equator anc 20°N. Isobaric
maps of NoO above 10 mbar show that N.O is trans-
ported to about 10°N on day 165 (Plate 3a) and to
about 5°N by day 180 [see Dunkerton and O’Sullivan.
1996, Figure 4). Below 10 mbar, such niaps show quasi-
stationary Rossby-wave radiation to be nearly com-
pletely blocked at about 20°N throughout February and
March (Plate 3b). This is presumably due to the QBO
zonal wind, which is westerly above 10-15 mbar and
easterly below (Figure 2a). Winds observed by HRDI
during March 1992 also show strong tropical easterlies
below about 10 mbar reaching to about 20°N, while
above 10 mbar (to at least 2 mbar) there are weak east-
erly or westerly zonal mean winds between the equator
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Plate 4. Horizontal map of CLAES N»O mixing ratio (ppbv) and UKMO zonal wind (m s~}
averaged over UARS day 528-530 (February 20-23, 1993) at (a) 4.6 mbar, and (b) 14.7 mbar.
Note the altered color scale between Plate 3b and Plate 4b.

and the extratropical westerly jet { Figure 3a and Or-
tland et al. {1996, Figure 12a]). One effect of Rossby-
wave mixing at low latitudes above 10 mbar is the dissi-
pation of the QBO mean meridional circulation-induced
peak near 20°N. The equatorward transport and mix-
ing above 10 mbar during February and March was clis-
cussed by Dunkerton and O Sullivan [1996].
Examination of isobaric maps of N>O mixing ratio
during late February 1993 indicates that Rossby waves
penetrate closer to the equator below 10 mbar, to about
10°N at least, with some evidence of propagation across
to the summer hemisphere (e.g.. Plate 4b shows the 15-
mbar level) while their transport signature is largely
confined poleward of ~15°-20°N above 10 mbar (Plate
4a). Such behavior is consistent with linear Rossby-
wave theory, which permits the equatorward radiating
Rossby waves to propagate until they reach their critical
latitude (@ = ¢ ~ 0 in this case). During February and

March 1993, QBO easterlies should block equatorward
radiating Rossby waves near ~20°N above 10 mbar,
(e.g., Figure 3a). Below 10 mbar at this time, however,
zonal winds at low latitudes remain weakly westerly in
the lower stratosphere according to UKMO wind analy-
ses (not shown) or HRDI observations (Figure 3b). This
allows the possibility of Rossby-wave radiation from ex-
tratropical westerlies to reach the equator and summer
hemisphere [Chen, 1996; O Sullivan, 1997).

The propagation of Rossby waves and their irre-
versible effect on the distribution of a long-lived tracer
evidently depend on the local wind distribution as mod-
ulated by the QBO. A “westerly over easterly” zonal
wind pattern (as occurred in the first UARS winter) al-
lows the possibility of wave propagation into the equa-
torial zone in the upper, but not lower, levels, while an
“easterly over westerly” pattern (as developed in the
second winter) prevents equatorial penetration at up-
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Figure 3. Meridional profile of zonal mean wind at (a)
4.6 mbar, and (b) 14.7 mbar, averaged over the two yaw
periods. Winds are from UKMO analyses poleward of
30° and HRDI equatorward of 16°, with a linear transi-

tion between. The corresponding 1992 Singapore zonal
wind observation in Figure 3a is shown by the diamond.

per levels while allowing a modest amount of isentropic
mixing at lower levels of the tropics. The strength and
location of the subtropical tracer “barrier” therefore de-
pends on the ability of Rossby waves to penetrate the
tropics, irrespective of any remote effect of the QBO on
extratropical waves. Not surprisingly, at any given al-
titude this barrier (e.g.. in the region ~10°-25°N} was
more diffuse when tropical winds were westerly com-
pared with when they were easterly. Thus, at 4.6 mbar
a sharper subtropical gradient is visible in Plate 3b than
in Plate 4b, while at 14.7 mbar the subtropical gradi-
ent is sharper in Plate 3b than in Plate 4b. Dunkerton
and O’Sullivan [1996] showed, however, that in the first
UARS late winter, the subtropical tracer gradient coin-
cided with the axis of a climatological subtropical jet.
The jet axis and tracer gradient tilted poleward with
height in the upper stratosphere. There was a second

tracer gradient at the equator. associated with QBO
westerlies rhat formed around this rume. These features
are visible in Plate 3a.

In general, the apparent subtropical “transpoct bar-
rier” can be viewed as the lateral ternunus of a mixing
zone. However, there may be more than one reason for
such a terminal latitude to appear in the tracer data.
On the one hand, Rossby-wave mixing tends to be sup-
pressed in a westerly jet core for reasouns discussed by
Dunkerton and O’Sullivan [1996]. On the other hand. a
critical latitude {i.e.. critical level where intrinsic phase
speed goes to zero) acts as a barrier to mixing because
propagation. hence breaking, is precluded bevond this
point. or more precisely., beyond the edge of the criti-
cal laver. In the first case. mixing does not occur be-
cause a critical latitude cannot exist at the jet core for
waves able to propagate on the jet. so that mixing is
discouraged at the center of the jet. In the second case.
mixing does not occur because further wave propaga-
tion is precluded by the presence of a critical latitude.
The common thread is that significant mixing occurs
ounly in a region of breaking waves, i.e.. a critical layer.
For quasi-stationary waves which dominate the winter
middle atmosphere, the breaking region or “surf zone”
occurs poleward of the zero-wind line in a region of rel-
atively weak winds, and is bounded to the north and
south either by a westerly jet(s) {equatorial, subtrop-
ical, and/or polar) or a region of strong easterlies in
which such waves cannot propagate at all.

The tracer distribution in the tropical and subtrop-
ical upper stratosphere in the first UARS late winter
may be explained in terms of the first mechanism. due
to the subtropical westerly jet and formation of QBO
westerlies over the equator. At lower levels in the first
winter and at upper levels in the second winter. the sec-
ond mechanism seems more relevant on account of QBO
easterlies at the respective altitudes. Latitudinal pro-
files of mean zonal wind for the two yaw periods in 1992
and 1993 are shown in Figure 3} as obtained from HRDI
and UKMO data. together with the point measurement
at Singapore. At the upper level in 1992 (Figure 3aj. a
new westerly jet is beginning to develop near the equa-
tor. but the actual maximum value is just shy of zero.
unlike the situation at Singapore where typical QBO
westerlies have alreadv been attained. There 1s evi-
dently some zonal variation in the onset of QBO wester-
lies, such that westerlies first appear near the maritime
continent, in the region south-southwest of the Aleutian
anticyclone, into which positive potential vorticity (PV)
is advected by the prevailing anticyclonic flow. Wester-
lies are associated with the southern flank of an extru-
sion of high-PV air and are therefore expected to form
in this region as a result of planetary wave breaking. At
the upper level in 1993, zonal winds are easterly south
of about 15°N, and the subtropical jet is weaker than
in 1992. (These results agree with Figure 2b. However.
the polar night jet in Figure 2b (January- March aver-
age) is weaker in 1992, as expected of the Holton-Tan
oscillation, whereas in Figure 3a the jet speed, averaged
over the yaw period (mid-February to mid-VMarch). is
stronger in 1992. Compared with Figure 1. the polar
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Figure 4. Schematic of the meridional profile of zonal
mean wind in the upper stratosphere during late winter.
when the quasi-biennial oscillation’s phase in the lower
stratosphere is westerly (letter A) or easterly (letter B).
(Note that the QBO reverses phase between the lower
and upper stratosphere.) The solid horizontal lines in-
dicate the extent of distinct meridional mixing zones
which may form during late winter (see text for details).

night jet reappeared during the yaw period in late win-
ter 1992, but in 1993, winds were actually at a local
minimum during this time. Thus the apparent QBO
anomaly in high latitudes in Figure 3a is simply due to
the timing of planetary wave events and does not indi-
cate the true extratropical QBO shown in Figure 2b.)
At the lower level in 1992 (Figure 3b), the QBO was
westerly in 1993, while in 1992 the QBO was easterly.
and a new westerly jet was beginning to emerge.

The ability of Rossby waves to penetrate the tropics
differs significantly between the two periods shown in
Figure 3, at both levels. At the upper level in 1992. sta-
tionary waves can radiate across the equator at certain
longitudes (e.g., near Singapore), and slowly westward
propagating waves can reach the equator at all longi-
tudes. In 1993, all such waves are excluded from the
tropics. {The Singapore zonal wind at 35 km in 1993
is-18 ms™! in good agreement with HRDI, -15 ms~!,
and there is no evidence of significant zonal asymmetry
at this time.) At the lower level the difference in wave
propagation is more dramatic, but wave amplitudes at
this altitude should be smaller, on average, due to the
density effect.

Figure 4 summarizes schematically the contrasting
situations observed at upper levels in early 1992 and
1993, which may be taken to represent opposing phases
of the tropical QBO in the upper stratosphere in late
winter. QBO easterlies at lower levels are accompanied
by the formation of QBO westerlies at upper levels. In
this case, indicated by letter B, the extratropical QBO
signal is such that midlatitude planetary wave activity
is enhanced, the polar night jet is weakened, a more
pronounced subtropical jet forms. and Rossby waves

are able to penetrate the tropics at upper levels. The
midlatitude surf zone is divided in half by the subtrop-
ical jet. and mixing extends to the equator. the “trop-
ical mixing zone” of Dunkerton and O Sullivan {1996].
In the opposite phase of the QBO. indicated by let-
ter A, planetary wave activity is diminished somewhat
by QBO westerlies at lower levels, etc.. and propaga- —
tion of quasi-stationary waves into the tropics at upper
levels is entirely prevented by QBO easterlies. In the
latter time and place. surf-zone mixing ends close to the
zero-wind line. In reality, it is possible that westward ™
moving disturbances are excited in the breaking zone of
quasi-stationary waves [Polvani et al., 1995; O Sullivan
and Chen. 1996}, which may lead to minor MIXING QUA~ e
torward of the zero-wind line, or wherever such waves
encounter their critical latitude. The main mixing zones
in the upper stratosphere for each winter are indicated
in Figure 4 by bold lines. Also included is a mixing zone *=
at low latitudes in the summer hemisphere which can
form when the equatorial wind is westerly [O Sullivan,

1997].

4. Conclusions

We have compared the distribution of long-lived strato-=—
spheric constituents in the first two northern winters
(1991-1992 and 1992-1993) observed by the UARS satel-
lite. In the tropics, these winters were characterized
by opposite QBO phases: A deep layer of easterlies
dominated the lower stratosphere with westerlies above
about 10 mbar during the first winter. and zonal winds
were westerly throughout the lower stratosphere during —
the second winter with easterlies ahove about 10 mbar.

The behavior of the extratropical circulation during
these two northern winters was consistent witly the ex-
tratropical QBO [Holton and Tan. 1980. 1982] whereby
the polar vortex is more disturbed and weaker during
winters with easterly QBO rather than westerly QBO
phase at 40 mbar. This is seen in the January-March ==
average zonal mean wind (Figure 2b) and in 10-mbar
geopotential height. It is reasonable. then, to expect
that the distribution of long-lived constituents during
these two northern winters should also be representa-
tive of their QBO composites, if enough years of data
were available to obtain such composites.

The main objective of this paper has been to compare —
the late winter distribution of long-lived constituents,
CLAES N,O and MLS H,0, between two northern win-
ters with opposite QBO phase in order to reveal how
the QBO may be influencing their distribution glob-
ally. From the comparison of winters it is concluded
that long-lived constituents are affected by the QBO
throughout the tropics and winter hemisphere. The —
winter-to-winter difference of these two independently
observed constituents shows a similar mixing ratio pat-
tern, as would be expected if the difference were due to
differing transport between winters. -

Comparison of the two winters (Plates 1 and 2) shows
that transport by mean meridional circulations is af-
fected by the QBO both locally and globally. The lo- —
cal redistribution by the QBO’s mean meridional cit-
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culation has been previously studied and s evident re-
gardless of season because it s the dominant source of
transport variability in the tropics. During the first
winter, having a deep easterly QBO phase below about
10 mbar. both N2O and H2O (zonally averaged) show a
region of weak mixing ratio gradient within about 20° of
the equator. at altitudes np to about 10 mbar. lanked
by strong meridional gradients The second winter. in
contrast, had westerly QBO phase below 10 mbar and
shows a narrower, peaked zonal mean mixing ratio dis-
tribution centered near the equator with much weaker
meridional mixing ratio gradients along its flanks.

The QBO also modulates the large-scale Brewer-
Dobson circulation and its associated transport via the
extratropical QBO, since the strength of the Brewer-
Dobson circulation is closely coupled to the intensity
of extratropical Rossby waves. The differing strengths
of Brewer-Dobson circulation between winters can be
seen in Plates 1 and 2. The circulation is stronger in
the more active first winter than in the second. The
ascending branch. occurring mainly in the summer sub-
tropics (see Figure 17 of Dunkerton [1989]). is stronger
in the first winter and elevates miixing ratio isopleths
to higher altitudes than the following winter. This is
best seen above 10 mbar where the circulation and 1ts
winter-to-winter difference are strongest. Variations in
the strength of the large-scale meridional circulation are
also seen in its descending branch at winter high lati-
tudes. particularly in the upper stratosphere. Plate 2
shows that mixing ratio isopleths at high latitudes in
the upper stratosphere are drawn to lower altitudes dur-
ing the more active first winter, hence the positive H,O
mixing ratio difference above about 15 mbar in the mid-
dle and high latitudes {Plate 2c). These effects of the
Brewer-Dobson circulation strength are not so evident
in N,O (Plate 1) as they are in H2O because N2O's
shorter chemical lifetime in the upper stratosphere re-
duces its interannual variability there, relative to that
seen in H.O.

QBO modulation of extratropical Rossby-wave activ-
ity implies that an extratropical QBO signal also ex-
ists in isentropic Rossby-wave transport. The obser-
vations presented here appear to confirm this. showing
greater quasi-horizontal constituent mixing occurring at
latitudes poleward of ~30°N in the middle and lower
stratosphere below 10 mbar during the first. more dy-
namically active winter. This causes the positive (neg-
ative) difference anomaly in Plate lc (Plate 2c) in the
winter extratropics below about 10 mibar. An alterna-
tive explanation for the distribution difference, in terms
of different mean vertical transport between winters.
seems unlikely. as it would create an extratropical differ-
ence having the same sign at all altitudes, given that the
vertical gradients of the background constituent mixing
ratio do not change sign with height. The quasi-biennial
variability of the Brewer-Dobson circulation may ex-
plain the constituent variation in the middle and high-
latitude upper stratosphere above 10 mbar. however. At
an intermediate height, near 10 to 15 mbar. the mean
and eddy transport effects apparently cancel for these
constituents.

21,741

Randel and Wu (1996] examined the vertical structure
of the extratropical QBO in using SAGE {1 ozone. Em-
ploying a seasonally varying regression between global
ozone and QBO wind. they extracted QBO anomalies
during January-March. Aside from the expected tropi-
cal ozone QBO anomalies, the regressed anomalies were
large only in the winter hemisphere (see their Figure
10). The extratropical ozone anomalies are similar to
the long-lived constituent anomalies seen here in lat-
itudinal range but occur at different altitudes. They
show two extratropical anomalies. near 10-20 mbar and
near 30 mbar, of the same sign. and extending from
about 20°N to 60°N., the limit of their data. Thev at-
tribute the lower extratropical anomaly to vertical dis-
placement. based on the background ozone distribution.
while the middle stratospheric anomaly’s origin is un-
known. The different structure of thetr extratropical
ozone QBO from that seen here in NaO and H.O is not
surprising, given the very different species lifetimes and
background mixing ratios. Ozone has a much weaker
meridional mixing ratio gradient in the stratosphere.
reducing the effect of isentropic mixing relative to that
of N»O and H,O.

Finally. the most prominent winter-to-winter differ-
ences in NoO occur between the equator and ~30°N
and are attributed to the effect of the QBO winds on
wave breaking equatorward of 30°N. as discussed in sec-
tion 3.4. The frequent sampling of the CLAES and MLS
instruments allow “synoptic™ maps of N2O and H.O to
be made, clearly showing that Rossby-wave breaking
in the winter low latitudes is influenced by the QBO
phase. Plates 3 and 4 show that Rossby waves pene-
trate closer to the equator when the QBO winds are
westerly rather than easterly. Partly as a consequence
of this, there is also a weaker constituent mixing ra-
tio gradient between the tropics and extratropics when
the QBO winds are westerly rather than easterly. This
relationship is consistent with results from numerical
modeling of tracer transport under such circumstances
(O’Sullivan and Chen, 1996]. Thus the distribution of
mixing ratio in the tropics appears to be affected by
the breaking of Rossby waves incident from the winter
hemisphere. In fact, there appears to be evidence of
such waves propagating across the equator at 15 mbar
during the westerly QBO phase of the second winter.
As discussed by O’Sullivan [1997], such waves will not
break in the QBQO westerlies but will instead break on
reaching a critical latitude in the summer subtropics.
The constituent maps, as well as the zonal mean winter-
to-winter differences, support the conclusion that QBO
modulation of Rossby-wave transport plays an impor-
tant role, along with QBO modulated mean meridional
transport, in forming the seasonally synchronized, off-
equatorial QBO in long-lived constituents.
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Climatology of the semiannual oscillation
of the tropical middle atmosphere

Rolando R. Garcia,! Timothy J. Dunkerton,? Ruth S. Lieberman,?
and Robert A. Vincent*

Abstract. We have used a variety of satellite, ground-based, and in situ observa-
tions to construct a climatology of the semiannual oscillation (SAO) of the tropical
middle atmosphere. The sources of data include rocketsonde observations of winds
and temperature, MF radar wind observations, and observations of winds and
temperatures made from space by the High Resolution Doppler Imager (HRDI)
and the Solar Mesosphere Explorer (SME). These data sets provide a generally
consistent picture of the SAQ, of the relationship between its stratospheric and
mesospheric manifestations, and of its apparent modulation by the stratospheric
quasi-biennial oscillation (QBO). In agreement with earlier studies, we find that
the first cycle of the stratospheric SAO (which begins with the stratopause easterly
phase in northern winter) is stronger than the second cycle (beginning with the
easterly phase in southern winter). Similar behavior is apparent in the mesosphere,
where the easterly phase is stronger during the first cycle than during the second
cycle. HRDI and MF radar are capable of observing the seasonal cycle well into
the lower thermosphere. Data from these two sources indicate that a strong SAQO
is present up to about 90 km, giving way above this altitude to time mean easterly

winds with a weak semiannual variation. Between 105 and 110 km, HRDI data
indicate the presence of a westerly wind layer with almost no seasonal variation.
Apparent modulation of the stratospheric SAO by the QBO is found in rocketsonde
data, while HRDI and MF radar observations suggest a correlation between the
QBO and the easterly phase of the mesospheric SAQ. We discuss the implications
of these observations for the wave processes that drive the SAO.

1. Introduction

The existence of a semiannual oscillation (SAQ) in
the tropical stratosphere was first documented by Reed
(1962}, who examined the seasonal evolution of tropi-
cal temperatures in the lower stratosphere and noted
the presence of a semiannual wave above 50 mbar. Fur-
ther work by Reed [1966] using rocketsonde observations
showed that an SAO in zonal wind extended through-
out the upper stratosphere and the lower mesosphere,
and that the semiannual wind harmonic peaked near
the stratopause (~30 km).
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Reed’s (1962, 1966] original description of the tropi-
cal SAO has been validated by many subsequent inves-
tigations [e.g., Angell and Korshover, 1970; Belmont et
al., 1974, 1975; Cole and Cantor, 1975, 1978; Hopkins,
1975]. These and other studies employed observations
of winds and temperature obtained from the Meteoro-
logical Rocket Network (MRIN) to define the meridional
structure of the SAQ in the upper stratosphere and
lower mesosphere. Above 65 km, occasional rocket ob-
servations, together with meteor radar measurements,
indicate that the SAQ is present throughout the meso-
sphere [Groves, 1972; Cole and Kantor, 1978]. Hirota
(1978] used a combination of routine and occasional
rocket observations from Ascension Island to show that
the SAQ in fact consists of two oscillations with am-
plitude maxima near the stratopause and mesopause,
and an amplitude minimum near 64 km. The phase of
the zonal wind varies more or less smoothly throughout
this range of altitude and is such that the behavior at
the stratopause is nearly out of phase with that at the
mesopause. Hirota's findings were confirmed by Hamal-
ton (1982], who found similar amplitude and phase be-
havior in data from Kwajalein Island.

With the advent of satellite observations it has been
possible to obtain a more complete description of the

26,019



26,020 GARCIA ET AL.. CLIMATOLOGY OF THE SEMIANNUAL OSCILLATION

spacial structure of the oscillation, especially in the
stratosphere and the lowest 10 to 15 km of the meso-
sphere [e.g., Fritz, 1974; Barnett, 1974; Hitchman and
Leovy, 1986; Delisi and Dunkerton, 1988a; Garcia and
Clancy, 1990]. The work of Hitchman and Leovy and of
Delisi and Dunkerton has emphasized the seasonal evo-
lution of the SAOQ. In particular, Delisi and Dunkerton
(1988b] have shown that the stratospheric SAQ exhibits
a seasonal asymmetry such that the “first cycle” (which
begins with the easterly phase in northern hemisphere
winter) is stronger than the “second cycle” (beginning
with the easterly phase in southern hemisphere win-
ter) and that the asymmetry is due to differences in
extratropical planetary wave forcing, which is stronger
in northern winter than in southern winter.

The mesospheric SAO is much less well documented
than the stratospheric oscillation. As opposed to the
routine rocketsonde observations of the MRN, rocket
observations of the upper mesosphere have been too in-
frequent and discontinuous to define a true climatology
or to document interannual variability. This situation
has been changing due to the increasing availability of
satellite and ground-based measurements covering the
entire mesosphere. The purpose of this paper is to re-
view several of these data sources in order to construct
a more detailed picture of the SAO in the stratosphere
and mesosphere, its interannual variability, and its con-
nection with the quasi-biennial oscillation of the strato-
sphere.

2. Data Sources

Four sets of data are used in the analyses presented
in this paper:

1. Wind and temperature measurements made by
sounding rockets from the islands of Ascension and
Kwajalein. Some of these data have been used in the
past to document the SAO in the stratosphere and
mesosphere. Here we examine observations below 65
km, which are available between 1969 and 1987, as well
as occasional measurements extending to 84 km.

2. MF radar observations from Christmas Island be-
tween 68 and 96 km for the years 1990-1995.

3. Observations of stratospheric temperature made
by the Solar Mesosphere Explorer satellite (SME) dur-
ing the period 1982-1986. SME data were analyzed
originally over the altitude range 55-90 km {Clancy and
Rusch, 1989], but they have been reanalyzed recently
extending the coverage down to 40 km.

4. Wind measurements made by the High Resolu-
tion Doppler Imager (HRDI), on board the Upper At-
mosphere Research Satellite {(UARS). This instrument
provides direct observations of winds by two different
techniques, covering the altitude ranges 10-40 km and
65-110 km.

Each of these data sets is described in detail in the
following subsections.

2.1. Rocketsonde Winds and Temperature

Data from the historical Meteorological Rocketsonde
Network were obtained from a variety of sources and
processed at NorthWest Research Associates to form
monthly means of zonal wind and temperature at each
station. Measurements were binned into 0.2 scale height
(~1.4 km) intervals, and the binned soundings were av-
eraged together for each month. Rocket soundings usu-
ally include a partially overlapping, contemporaneous
rawinsonde profile. After binning, rocketsonde and raw-
insonde data were blended using a linear ramp in the
height interval 3.7-4.7 scale heights (26-33 km).

Rocketsonde observations at Ascension and Kwajalein
have been made at various local times, but they tend
to cluster in the early afternoon at both stations. As a
result, averaging of the available observations does not
guarantee that contamination by the diurnal tide has
been removed. This is unlikely to be a problem below
about 80 km, where the diurnal tidal signal is relatively
small, but conclusions based on data above this altitude
must be treated with caution.

Two sets of figures were prepared from these data.
Routine MRIN observations were used to construct alti-
tude versus time contour plots for the islands of Kwa-
jalein (8.7°N, 167.7°W) and Ascension (7.6°S, 14.4°W),
covering the period 1969-1987 and the altitude range 0-
63 km. Prior to plotting, the data were smoothed by
taking the following “square” average over altitude and
time:

;= Il-s- [Szg,j +Zzi',j’] (1)

where i denotes altitude, j denotes time, and the sum-
mation extends over all points adjacent to 1, ;.

The second set of figures depicts the climatological
composite seasonal cycle at Kwajalein and Ascension.
These seasonal cycles were obtained by averaging the
data for all Januaries, Februaries, etc. In addition to
the usual MRN observations, occasional observations
extending up to 84 km were used to prepare the cli-
matological composites. Data above 65 km are avail-
able for relatively short periods in the early [970s at
Ascension Island and the middle 1970s at Kwajalein;
additional observations covering a few months in the
1980s are also available at both stations [see Dunkerton
and Delisi, this issue]. The data used to construct the
composite seasonal cycles were smoothed vertically with
four passes of a 1-2-1 smoother and temporally retain-
ing only the time mean, annual harmonic, semiannual
harmonic, and one-half of the ternary harmonic.

2.2. Christmas Island MF Radar Winds

Mesospheric winds were measured with an MF par-
tial reflection radar located on Christmas Island (2°N,
157°W) during the period January 1990 to April 1995.
The radar operates at 1.98 MHz using a spaced-antenna
system. [t can operate unattended and, in principle,
can make observations continuously with a time resolu-



GARCIA ET AL.: CLIMATOLOGY OF THE SEMIANNUAL OSCILLATION

tion of 2 min. In practice, wind measurements are only
possible when suitable echoes are present. Usetul obser-
vations can be made over the range 60-100 km during
the day; at night. the lower limit of this range moves
to about 30 km due to insufficient ionization at lower
altitudes [ Vincent and Lesicar, 1991]. These limitations
are unimportant for the purposes of this study, which is
concerned with the seasonal variation of the zonal mean
winds. Above 80 km contamination of the zonal mean
by the diurnal tide is effectively removed by averaging
data taken throughout the day. Below 30 km this is not
possible because nighttime data are often unavailable;
however, the amplitude of the diurnal tide contribution
to the zonal wind at these altitudes is small {Lieberman
and Hays, 1994]. The daily averaged Christmas [sland
data discussed here are plotted after application of a
frequency-domain, low-pass filter with a 20-day cutoff.
Otherwise, the data represent the “raw” mesospheric
winds, without removal of either the time mean or the
annual cycle. The data shown in this paper cover the al-
titude range 68-96 km, with vertical resolution of about
4 km.

2.3. HRDI Zonal Winds

The High Resolution Doppler Imager (HRDI) on board
the Upper Atmosphere Research Satellite was designed
to measure daytime winds in the stratosphere (10-40
km) and in the mesosphere and lower thermosphere (50-
115 km). Because measurement errors are large in the
lower mesosphere and also above 110 km, we restrict the
data reviewed in this paper to the altitude ranges 10-40
km and 65-110 km. The measurement techniques are
discussed by Hays et al. [1993]. Details of the retrieval
procedure, sources of errors, and comparisons with cor-
relative measurements are addressed by Ortland et al.
[1996] for the stratospheric observations and by Burrage
et al. [1996a] for measurements in the mesosphere and
lower thermosphere. UARS orbits the Earth about 15
times per day, sampling each latitude circle at roughly
the same local ti